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ABSTRACT
The automotive industry is examining alternative designs of systems and components that 
facilitate material recovery during the processing o f end-of-life vehicles. Specifically, if materials 
or components can be designed to separate preferentially, then material recovery from product 
waste will be enhanced. Two waste concepts were examined for their practical value: 1) size 
distribution and the related Pi Breakage theory; and 2) the liberation of materials. Samples 
consisting o f ABS and PVC were assembled with a variety o f geometries, characteristic lengths, 
subcomponent configurations and fastening methods. A detailed evaluation of thermoplastic 
comminution found that particle size distributions fit the Gaudin size distribution relationship 
well. O f all the parameters studied, only the granulator exit screen size had a significant impact 
on the average and distribution o f comminuted particle sizes. The Pi Breakage theory, generally 
advocated for its use in waste processing, did not hold well; however, selection function values 
were found to decrease with decreasing size of feed particles.
Three product design parameters and one material recovery parameter were evaluated to 
determine their effects on the liberation of thermoplastic materials from manufactured products. 
After each o f two comminution steps in a plastics granulator, the impact o f the various parameters 
and their interactions on the liberation level and mechanism was determined. Only the fastening 
method influenced the liberation mechanism that samples underwent during comminution. 
Geometry, characteristic length, subcomponent configuration and the level o f comminution were 
only significant for the chopping mechanism. Interestingly, the differences in material stength 
between ABS and PVC did not significantly impact the liberation level or mechanism. Product 
designs can be optimized to achieve high liberation levels by selecting fastening methods which 
promote liberation through dividing. Products designed for the chopping mechanism can be
iii
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optimized by considering geometry, material thickness and the number of materials used. These 
design-for environment recommendations should be verified through the comminution and 
evaluation of commercially produced thermoplastic products.
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1. INTRODUCTION
Recycling materials from a manufactured product at the end of the product’s useful life has the 
potential to be both economically and environmentally preferred over conventional virgin 
material production. As an example, the automobile is processed to recover a variety o f metals at 
the end of its useful life. This material recovery provides an economic benefit to the recycler and 
in addition reduces the environmental burden o f automobiles. Although materials recycling from 
other products may provide both economic and environmental benefits, the automobile is of 
particular interest since manufacturing each automobile uses a large volume of raw material and 
automobiles are produced in large numbers on an ongoing basis. The result is significant potential 
economic and environmental benefits if the materials recycling of automobiles can be improved.
The goal of this research was to improve the recovery o f materials from automobiles by focusing 
on comminution and liberation of thermoplastics. An understanding o f comminution is important 
because: l) material recovery may be possible through the selective comminution and size 
separation of materials and 2) comminution of plastics using a granulator is the common process 
used to liberate materials in industry. Therefore, the research focused specifically on design 
factors that affect the particle size distribution after comminution, the application of the Pi 
breakage theory to predict the size distribution and finally the factors that affect the liberation of 
materials through comminution. From an understanding of these factors, Design-for Environment 
recommendations about the product design can be made leading to the potential of improved 
recycling of thermoplastics used in automobiles and can also be applied to other manufactured 
products.
1
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1.1. Automotive Background
The following sections outline the current material recovery process for automobiles and put the 
recycling of automotive thermoplastics into perspective.
1.1.1. Vehicle End-of-Life Process
End-of life vehicles (ELVs) are vehicles that have reached the end of their useful lives and are no 
longer registered or licensed for use. ELVs undergo a four step process as shown in Figure l . l.  
Most ELVs reach a local “junkyard” or dismantler but approximately 5% are abandoned or kept 
in storage by individual owners (Staudinger et al. 2001). The remaining 95% of the vehicles 
undergo a dismantling process where fluids, batteries, tires and valuable spare parts are removed. 
The remainder of the vehicle undergoes a shredding process immediately followed by metals 
separation which is often accomplished using magnetic and eddy current separation techniques. 
The remainder o f the automotive material is called automotive shredder residue (ASR) and is 
disposed of in a landfill.
Overall, the ELV process is very successful at recovering materials. O f the 13 million vehicles 
that reach the end o f their useful lives each year in North America, 95% enter the recycling 
process (Staudinger et al. 2001). At the dismantler 6% and 3% of the vehicle weight is recovered 
for fluids and batteries respectively. The shredding and separation process accounts for a further 
75% of the vehicle weight through metals recovery. In total more than 80% of the vehicle’s 
weight is recovered at the end o f its useful life.
2
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Figure 1.1 ELV Process
1.1.2. Automotive Shredder Residue
Despite the success o f the ELV process, further improving the material recovery process has 
become a concern due to three factors. First, although a large portion of the materials is 
recovered, the volume of ASR generated each year is very large at approximately 3.0 million 
metric tons in the U.S. (Staudinger et al. 2001) and a similar amount in Western Europe (Graham 
et al. 1995). Secondly, the trend in the material composition of vehicles is to increase plastic 
content (Kandelaars and van Dam 1998). This trend will reduce the effectiveness of the current 
ELV process in recovering materials since it is designed to recover metals. Finally, regulations in 
Europe and North America are encouraging the reduction of ASR. The European Union has 
mandated recycling rates for ELVs (European Union 2000) and several jurisdictions consider 
ASR to be hazardous waste (Graham et al. 1995). For these reasons, the reduction of ASR has 
become a priority.
3
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Plastics are the largest (Figure 1.2) and most valuable portion of ASR. For this reason, the efforts 
to reduce ASR volumes have focused on plastic recovery (Staudinger et al. 2001). Figure 1.3 
shows the composition o f the plastics in ASR and emphasizes the importance of thermoplastics. 
Although the recovery o f thermoplastics from ASR has been the focus of numerous investigations 
and experimental efforts, to date no large scale commercial ASR plastic recovery facilities have 
been reported.
The lack o f commercialization o f plastic recycling is attributed to economical, logistical and 
technical issues (Staudinger et al. 2001). Recycled plastic must provide the recycler a profit and 
still sell for the same or lower price than virgin materials: the cost to overcome the logistical and 
technical problems can not be too high. The logistical problem is one of dispersed recycled 
material sources and insuring consistent recycled material supplies. ASR comes from more than 
200 shredder locations throughout North America. The type o f plastic contained in ASR will
depend on the ELVs that reach the shredder. Since at anytime a variety of vehicle models and
vintages reach the shredder, it is difficult to ensure that a particular type o f recycled plastic is 
consistently available in the quantity that a manufacturer o f new products would require.
Technically the recycling o f plastic from ASR is difficult. Various separation methods have been 
proposed to separate different plastic types from ASR, including:
■ Froth flotation (Marques and Tenorio 2000);
■ Low density water slurry separation (Ferrara and Meloy 1999); and
■ Skin flotation (Winslow et al. 1999).
All of these methods share two disadvantages: insufficient product purity and cost. In order for 
recycled plastics to be successfully reprocessed into new products they must have desirable, 
predictable and consistent physical properties. Currently, much of the plastics quantities
4
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Figure 1.3 Plastics in ASR (Staudinger et al. 2001)
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recovered from these separation processes are not suitable for reprocessing and reuse in their 
original applications and may only be used in lower value plastic products. This further reduces 
the sale price o f recycled plastic. To understand these technical problems the material recovery 
process must be examined in more detail.
6
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1.2. Recycling Models
Figure 1.4 shows a simple conceptual model that can be used to describe material recovery in a 
simple binary separation process (Tchobanoglous et al. 1993). The input stream would be the 
mixed waste resulting from the disposal o f a manufactured good (mass A0 + B0 ). A represents 
the material targeted for recovery and B  represents all other materials contained in the 
manufactured product. Output 1 is the intended recovery stream for material A and ideally will 
be purer in A  than the input stream. There could also be some quantity of B, which would be 
considered contamination. Output 2 is the remaining mixed materials including a possible portion 




Recovery o f  A
Output 2
Figure 1.4 Conceptual Binary Recovery Process
Several useful relationships can be developed using this model (Tchobanoglous et al. 1993).
A
Fraction o f A  recovered in Output 1 = RAl = —-
An
[1]
Purity o f A in Output 1 = PA1 =
[2]
Aj + B ]
7
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Recovery Efficiency of A  in Output 1 = E Al = A _A 
^ 0  * 0
[3]
Ideally, recovery processes should achieve both high recovery and purity, leading to high overall 
efficiency. However in this model, the recovery process itself is treated as a “black box” and it is 
difficult to understand what factors affect the recovery and purity o f the output.
To develop a better understanding o f the recovery process, the new model shown in Figure 1.5 
has been developed. Although the input and output streams remain unchanged from the previous 
model, the new model divides the recovery process into two steps, liberation and separation, 
with a corresponding intermediate process stream. Liberation is the process o f reducing the 
amount of material physically joined to other materials while separation divides the material into 
outputs containing specific materials. Materials that are fully liberated from one another would 
help overcome the technical problems with insufficient purity identified in Section 1.1. Typical 
liberation processes used in materials recovery are manual disassembly and comminution, which 
generally refers to any size reduction process, such as grinding or shredding. For plastics, 
granulation is the typical comminution method used in industry by both recyclers and 
manufacturers. Some separation processes used include manual sorting, screening, air 
classification, density separation, magnetic separation, and eddy current separation. By dividing 
the recovery process into two stages, the factors affecting the efficiency of material recovery are 
more easily understood.
In Figure 1.5, the desired material in the input stream, A0, is either in a liberated state, A, , or a 
joined state, A j , after the liberation process. The separation process divides the materials to 
recover A in Output 1. Separation can only act on the products o f the liberation process AL, B{ ,
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+B.n)
+ O utput 1
Recovery o f  A 
Interm ediate
Input *  L iberation *  Separation
A.’BiAAi +b.j)
>  O utput 2
^L2’^L2’(Aj2 + Bj2)
Figure 1.5 Expanded Recovery Process Model
and ( A,  + B ; ) and is therefore affected by the degree o f liberation prior to separation. Separation
processes generally rely on the differences in physical properties between the material A  and B 
and are most effective when the materials are completely liberated. The purity o f Output 1 in 
terms o f material A  depends on the amount o f contaminant B  that is present but “free” and the 
amount of B  that is still attached to A . To better understand the factors that affect material 
recover the following relationships have been developed.
Liberation Efficiency for A  = E [A =
[4]
Separation Efficiency for A  = E SA = ——
[5]
Fraction o f A recovered in Output 1 = R n = ——
[6]
9
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A + A
Purity of A  in Output 1 = PA] = n  71
Recovery Efficiency o f A  in Output 1 = E  AX =
A i  + A i  + A i  + A i  




Using these relationships a recovery rating for the material A  can be proposed which combines 
the performance o f the liberation and separation processes with the final purity of the recovered 
material.
T'Ai — A .i A  i A  i
( a  \Al.\
f
A + A i  ^
V A  y v A + A + AJX + BJX j [9]
Equation [9] is not used as part of the later analysis but it is conceptually useful. It demonstrates 
that the degree o f liberation is not only a prime factor in calculating the recovery rating but is also 
a secondary factor in that the degree o f liberation limits the separation and purity that is 
achievable. Despite the importance of liberation in material recycling, the vast majority of all 
investigations that have been reported in the literature focus on separation only. The factors 
affecting the liberation of materials, whether part of product design or part of the end-of-life 
process, have received little attention.
10
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2. LITERATURE REVIEW
2.1. Comminution
The liberation process used by both plastic recyclers and manufacturers is granulation. While in 
general comminution is a well understood and much studied field, especially in the mining 
industry, a review of the literature shows that little attention has been given to two particular 
aspects of thermoplastic comminution: 1) characterizing particle size distributions; and 2) 
predicting the particle size distribution resulting from comminution.
2.1.1. Particle Size Distributions
Particle size distributions are generally depicted as sigmoidal curves plotting mass fraction 
smaller than a particle size as a logarithmic function o f particle size. Figure 2.1 shows such a 
sigmoidal curve and in this example 63% of the mass is smaller than size 0.5.
Two relationships are typically listed when the development o f distribution curves for the mining 
industry is discussed. Gaudin (1926) developed one o f the earliest empirical relationships:
Y =
( x \ m [10]
kK j
The Rosin-Rammler relationship (1933) is the most common equation used for describing 
comminution particle size distributions and is used in ASTM E 959, the standard method to 
determine the performance o f refuse size reduction equipment. The equation is:
1 1
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0%
0.5
0.01 0.1 1 10
Particle S ize (x)
Figure 2.1 Sigmoidal Particle Size Distribution
In general, plastics particle size distributions appear to have a sigmoidal shape after comminution 
as shown by Shen et al. (2001) and Zhang and Forssberg (1999). Unfortunately the correlation of 
experimental comminution data to the Gaudin and Rosin-Rammler particle size distribution 
relationships was not considered in their publications. Shent et al. (2001) focused on particle 
shape and its relationship to the flotation separation of plastic and Zhang and Forssberg (1999) 
considered the liberation of metals in electronic waste. The applicability of the Gaudin or Rosin- 
Rammler relationships to the particle size distribution of granulated thermoplastics -  and the 
ability to predict the breakage o f thermoplastics -  have not been found in the published literature.
12
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2.1.2. Breakage Functions
The following relationships give the size distribution resulting from the comminution of a 
particular particle size, or in other words, a “breakage function” for feed particles. These 
relationships, which were developed for the comminution of coal, have not been applied to the 
comminution o f thermoplastics commonly found in automotive components. Each of the 
relationships provides the mass fraction smaller than a particular size as a function of the ratio of 
that particular size to the feed size.





The Gaudin-Meloy (1962) relationship is given by:
7  = 1
(  V  
1 - ^  
v
[13]
Bergstrom (1966) extended the Gaudin-Meloy relationship:
7  =




I  x a J
[14]
The Broatbent and Callcott (1956a) breakage function is depicted graphically in Figure 2.2. For 
each feed size, x a , there is a distribution o f product particle sizes after comminution. The feed
may also have a distribution o f particle sizes with particular size fractions being more common 
than others. The comminution o f such a distribution o f feed particles results in the sigmoidal
13
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distribution of the comminution product particle sizes. The total shown in Figure 2.2 
demonstrates this sigmoidal distribution and was determined by summing the individual 






















----------------------- — xa-=8------   xa=tr    xa=4.... Total
Figure 2.2 Broadbent and Callcott Breakage Function
The Gaudin-Meloy (1962) and Bergstrom (1966) relationships behave similarly to the Broadbent 
and Callcott (1956a) relationship when the products of breaking a distribution o f feed sizes are 
aggregated and provide a sigmoidal comminution product size distribution. However, the product 
size distribution o f individual feed sizes for the Gaudin-Meloy (1962) and Bergstrom (1966) 
relationships are themselves sigmoidal. Figure 2.3 provides a graphical comparison o f the three 
relationships for a single particle feed size ( x a = 10 ) .  It is unknown from the literature which 
breakage function relationship applies to the comminution o f plastic in a granulator.
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Figure 2.3 Breakage Functions
2.1.3. Pi Breakage Theory
The breakage functions in the previous subsection give the results from passing the feed particles 
through a grinder or shredder for only one “breakage event” . However, not all feed particles will 
break; some may remain unbroken and thus in their larger original sizes. The fraction of feed 
particles that do undergo a breakage event are determined by a selection function. This concept 
was first proposed by Epstein (l 948) but was further developed into the Pi breakage theory by 
Broadbent and Calcott (1956b). The result is a matrix equation that describes the breakage 
process.
15
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This set of n linear equations does not have a unique solution. If only the feed and product 
vectors are known and have 10 elements each (n  = 10), there are 10 equations and 65 unknowns. 
However, Broadbent and Callcott (1956b) suggested for simpler processes that the selection 
function was a constant, or Pi, and called this approach the Pi breakage theory. The n linear 
equations still do not have a unique solution since if only the feed and product vectors are known 
and have 10 elements each (n = 10), there are 10 equations and 56 unknowns. Broadbent and
16
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Callcott (1956b) further assumed that the breakage equation was known thereby reducing the 
unknowns for the set of n equations to 1. Since each equation may provide a different solution 
for the selection function value, Broadbent and Callcott (1956b) used the least squares method to 
find a constant selection function value that best fit a set o f observed feed and product size 
distributions. Interestingly, a review of the literature did not provide any examples were the Pi 
breakage theory was both applied to waste products and solved according to the method outlined 
by Broadbent and Calcott (1956b).
The following equations provide a development for the Pi breakage model.
i f  x, = s2 = s3 = ... = sn = n
then P = B U F  + ( I - U ) F
P - F  = U ( B - I ) F  [16a]
i f  a „  =  P n  ~  f n  & P n  =  K \ f \  +  b n l f 2 +  +  K f n  ~  L
[16b]
then a  = H/3
Simpson (1984) did apply the Pi breakage theory to municipal solid waste and materials that 
could be expected typically to be found within such a stream (e.g., newspaper, wood chips, 
aluminum, etc.). The form of the breakage function was assumed to be that provided by 
Broadbent and Callcott (1956a) but the values of the selection function however, were allowed to 
vary for each of the n size fractions and an error term was added to each of the n equations. 
Since there is not an unique solution to the n equations with In  unknowns, Simpson (1984) 
used a linear optimization subroutine to find the n values o f the selection function with objective
17
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of minimizing the total of the n error terms. This approach yielded selection function values 
greater then 1 and less than 0 which violates the physical limits of the selection function.
Vesiland et al. (1986) extended Simpson’s (1984) work by adding the constraint to the linear 
program such that the selection function values must be greater and equal to 0 and less than or 
equal to 1. This solution method yielded selection function values that decreased with decreasing 
feed size. Unfortunately the error in the estimated product particle size distribution using the 
selection function calculated in this way was reported to be more than 20% for the comminution 
of municipal waste.
Despite these results, Vesiland et al. (2002) describes the Pi breakage theory as the method to be 
used to predict the comminution o f waste. A review o f the literature shows an extensive use o f the 
concepts of breakage and selection functions in describing the performance o f mineral and 
agricultural product comminution. However, no examples, of the application of the Pi breakage 
theory or the general concepts o f breakage and selection functions to a single type or group of 
thermoplastics, or any other types of ‘mixed’ residential or industrial wastes were found in the 
literature.
18
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2.2. Liberation
The concept o f mechanical liberation has been well developed for minerals in natural ores. 
However, the literature contains limited examples (Zhang and Forssberg (1997, 1999) and Loehr 
and Melchiorre (1996)) where the concept o f liberation was applied to manufactured goods. 
Zhang and Forssberg measured liberation in detail for electronic goods but did not correlate this 
to any liberation mechanisms or predictive relationships. Loehr and Melchiorre discussed the 
concepts of liberation mechanisms and a method to predict the liberation in some circumstances 
but only provided examples where they might apply without actually measuring liberation to 
verify the applicability o f the concepts. No example were found in the literature to tie the 
concepts of liberation to the actual liberation achieved during the comminution of various design 
of manufactured goods.
2.2.1. Liberation Mechanisms
Zhang and Forssberg (1997) noted that the interfacial bonds in composites in electronic 
equipment are far weaker than for minerals in natural ores. They also noted that the different 
material properties o f ceramics, glasses and metals facilitated liberation. As well, welding and 
coating were more problematic in terms o f liberation then fasteners such as screws and rivets. 
While intuitively plausible, little data were provided to support these assertions. They also did not 
report on interfacial bonds between plastics.
Loehr and Melchiorre (1996) explained that liberating materials from manufactured goods is 
easier because of the smaller interfaces than those found in natural ores. They also proposed three 
possible liberation mechanisms that should occur during the comminution o f manufactured 
goods: 1) chopping (Figure 2.4); 2) dividing (Figure 2.5); and 3) stripping (Figure 2.6). In
19
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the chopping mechanism, the comminution is unaffected by the material interfaces and the 
particles consist o f either pure materials or a combination o f materials. In the dividing 
mechanism, the joints between materials fail during comminution and the particles consist of pure 
materials. In the stripping mechanism, the joint between materials fail due to the preferential 
fracturing of one material and the particles consist o f pure materials: the other material ideally 
remains unbroken.
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Figure 2.4 Liberation by Chopping (Loehr and Melchiorre 1996)
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Figure 2.5 Liberation by Dividing (Loehr and Melchiorre 1996)
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Figure 2.6 Liberation by Stripping (Loehr and Melchiorre 1996)
Loehr and Melchiorre (1996) also provided descriptive examples of the various liberation 
mechanisms in action. One key conclusion drawn in their paper is that dividing is the preferred 
liberation mechanism followed by stripping and then chopping. As in the work of Zhang and 
Forssberg (1997), the examples deal with liberating materials of grossly different physical 
properties such as metals, glass and plastics, or rigid plastics and flexible foamed polymers. 
Specific information about the liberation of similar materials such as various thermoplastics types 
fastened by a variety o f methods is not discussed and should be investigated.
2.2.2. Geometry and Characteristic Length
Loehre and Melchiorre (1996) also suggested that, for the chopping mechanism, the degree of 
liberation could be predicted based on particle size since the interfacial area between the materials 
is constant (Meloy 1984). The volume based calculation for liberation is given by Equation 17a. 
Since the interfacial area is constant, the total volume of locked particles is the interfacial area 
multiplied by the particle size. The characteristic length, the volume divided by the interfacial
21
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area, is described by Loehre and Melchoirre (1996) to be a useful dimension when relating 
particle size to liberation.
r V - A x _ , x [17a]
L/ — — 1
v  x c
Y - L  t 17b]X —
c A
Comminution does not produce particles of a single size but rather a distribution o f particle sizes. 
However, this relationship (Equation 17a) is conceptually illustrative and is developed in more 
detail for composite layer and coated sheet geometries below.
For a layered composite material, as shown in Figure 2.7, the characteristic length can be 
calculated as follows:
A = Z W  






The characteristic length for the composite layer geometry is equal to the total thickness and is 
independent of the thickness of individual layers. The liberation is calculated as follows:
L = l - ±
X c
= l _ x  [19]
T
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Figure 2.7 Composite Layer Geometry (Loehr and Melchiorre 1996)
For a coated or painted sheet, as shown in Figure 2.8, the characteristic length can be calculated 
as follows:
A = Z W + Z W  
= 2 Z W  
V = ZW{TS +2TC)
V
Xr =  —° A 
_  ZW(TX + 2T  )
2 Z W  
T  + 2 7
2
_ 7  [20]
“  2
The characteristic length for the coated sheet geometry is equal to half o f the total thickness and is 
independent of the sheet or coating thicknesses. The liberation is calculated as follows:
L = 1 -  —
=  l _ 2 x  [21]
7
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Figure 2.8 Coated Sheet Geometry (Loehr and Melchiorre 1996)
If the coating has the same thickness as the sheet then:
T  = TC $
V
x = — 
L A
_ ZW(TS +2TC) 
2 Z W  
_ 3 Ts 
2 
L = \ - ±
Xc
- y  2x 
3 Ts
If the coating is of negligible thickness when compared to the sheet then:
Tc ^  0 
V
X c =  —A
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As seen above, Loehr and Melchiorre (1996) show how characteristic length may be calculated 
and used to predict the liberation, shown graphically in Figure 2.9. Coated sheet geometry can be 
liberated to a greater or lesser extent than composite layer geometry at any given particle size 
depending on coating thickness. However, no evidence of the applicability o f characteristic length 
and subsequent prediction o f liberation is provided. The usefulness of characteristic length as a 
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Figure 2.9 Predicted Liberation for the Chopping Mechanism
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3. SCOPE
The research focused on: 1) the factors that influence the degree o f liberation achieved, and 2) 
determining the dominant liberation mechanism during the comminution of manufactured 
thermoplastic products. Size distribution relationships and the Pi breakage theory were also 
investigated because:
• they provide a basic understanding o f the comminution process,
• they have not been reported for thermoplastics in the literature, and
• the required data was readily available.
The specific factors that define the scope of the investigation are discussed in the following 
sections.
26
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3.1. Material Properties
Two thermoplastic materials were selected for use in this study, acrylonitrile butadiene styrene 
(ABS) and polyvinyl chloride (PVC). The intent was to join these two plastics in a variety of 
different configurations to test degree of liberation and liberation mechanism. These materials 
were selected since they are:
■ commonly used in automotive components (see Figure 1.3) and are also used in a 
variety o f other consumer products;
■ readily available in a variety o f configurations; and
■ readily machineable.
Table 3.1 summarizes the details of two significant material property differences between ABS 
and PVC materials. The effect o f impact strength should be one o f the first properties considered 
because impact strength is a measure o f resistance to breakage under high velocity conditions as 
were expected in this research (Blaga 2003). Low impact strength indicates a brittle material 
which should break in a sharp fracture and high impact strength indicates a tough material that 
resists fracture. The differences in tensile and impact strength are expected to produce different 
behaviors and outputs during and after comminution. It was expected that PVC would comminute 
more readily then ABS and that liberation would occur through the stripping mechanism. 
However, various other physical properties such as elongation at break, tensile modulus, flexural 
modulus and area under the stress strain curve could also be important and examined in future 
studies. Such further study could be applicable in alternate scenarios such as slow speed 
shredders and mixtures of plastic and steel.
27
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Originally ABS and polycarbonate (PC) were to be used for this research but it was difficult to 
find a suitable adhesive to join the two materials. Trials using methylene chloride as an adhesive 
were unsuccessful since the joints between the two materials failed after only one or two impacts 
from the cutting blades in a granulator. Although this demonstrated that materials could be 
liberated via the dividing mechanism, the premature joint failure did not offer an opportunity to 
study the effects of other factors nor allow other liberation mechanisms to be explored. 
Furthermore, based on descriptions provided in both the literature and from experts (e.g., 
Winslow 2002), not all adhesive joints could be expected to fail so readily. Since the strong 
adhesives required to hold ABS and PC together were not readily available, the materials were 
changed to ABS and PVC. This allowed the use o f readily available plumbing adhesives to join 
ABS to ABS, PVC to PVC and ABS to PVC.
28
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3.2. Geometry
The geometries used in the investigation followed the composite layer and coated sheet 
geometries outlined in the literature review. The composite layer geometry is typical of 
dashboard, instrument panel, console and fascia assemblies on automobiles in which plastics of 
similar or at least discemable thicknesses are joined to one another. The coated sheet geometry is 
typical of painted automotive trim components such as dashboards, pillar trim pieces, instrument 
panels, consoles, knee bolsters, glove compartments, fascias and rocker covers in which a plastic 
material is covered by a significantly thinner second material (e.g., paint). A study of these 
geometries allows the results to be applied to a wide variety of practical applications.
For the composite layer geometry two characteristic lengths were studied: 6.35 mm and 
12.70 mm. For the 6.35 mm characteristic length two configurations were considered. The first 
configuration consisted of 3.18 mm ABS with 3.18 mm PVC and the second configuration 
consisted of 1.58mm ABS with 4.76 mm PVC. For the 12.70 mm characteristic length two 
configurations were also tested: 6.35 mm ABS with 6.35 mm PVC and 9.53 mm ABS with 
3.18 mm PVC. The literature suggests that characteristic length is the only parameter required to 
completely describe the expected liberation performance o f a sample. By studying two 
characteristic lengths and two configurations for each characteristic length the usefulness of 
characteristic length in predicting liberation was determined.
For the coated sheet geometry two characteristic lengths were also studied: 3.18 mm and 
6.35 mm. For each characteristic length in this geometry only one configuration was tested. For 
the 3.18 mm characteristic length a 3.18 mm ABS piece was sandwiched between two 1.58 mm 
PVC sheets and for the 6.35 mm characteristic length a 9.53 mm ABS piece was sandwiched 
between two 1.58 mm PVC sheets. The selection o f two characteristic lengths allowed the
29
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usefulness of characteristic length in predicting liberation for the coated sheet geometry to be 
determined. In addition, the impact o f a changing sample geometry from the composite layer to 
the coated sheet for the 6.35 mm characteristic length was also determined.
Overall, it was possible to determine, for the composite layer and coated sheet geometries, the 
impact o f changing the characteristic length on liberation. As well, it was possible to determine 
for a single characteristic length, the impact o f changes to geometry and sample configuration on 
liberation.
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3.3. Fastening Methods
Two fastening methods were studied, adhesive bonding and metal rivets. Solvent cementing was 
been selected as the adhesive method because the joint strengths approach that of the original 
materials (Berins 1991). For this reason, the samples constructed using solvent cements were 
expected to undergo either chopping or stripping liberation mechanisms during comminution. The 
solvent cements used were plumbing cements containing toluene and methyl ethyl ketone for 
ABS to ABS joints; and tetrahydrofuran, methyl ethyl ketone, and cyclohexanone for PVC to 
PVC joints and ABS to PVC joints. Initial testing of these adhesive joints in a granulator 
indicated that the joint strength was sufficient to allow the study o f a range o f liberation factors 
and liberation mechanisms. If an adhesive that failed easily had been used, all samples would be 
liberated to the same extent as a result o f adhesive failure and the effect on liberation caused by 
differences in material geometry and degree o f comminution would be obscured. While an 
adhesive that facilitates liberation may be desirable in practice, for the purposes of this research 
other factors that affected liberation were also o f interest.
Solvent cementing represents several common plastic assembly methods used in the automotive 
industry such as sonic and hot plate welding, spray-painting, insert molding and epoxy adhesives. 
These assembly methods are considered to be similar since they involve strong bonds between the 
materials being assembled and cover a large interfacial surface area. The solvent was applied at 
two different application coverages, 100% of the interfacial area and 25% of the interfacial area.
Metal rivets should provide very low strength fastening when compared to solvent cementing. For 
this reason, the samples constructed using rivets were expected to undergo the dividing liberation 
mechanism during comminution. Metal rivets also represent several common plastic point
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fastening methods used in the automotive industry such as screws, press and snap fits, clips and 
heat stakes. Blind rivets are the type most commonly used in the assembly of plastic parts 
(Berins 1991).
3.4. Degree of Comminution
The degree of comminution is a factor that should indicate which liberation mechanisms are 
occurring. For the chopping mechanism, the particle size should have a direct relationship to 
liberation as discussed in the literature review. For the dividing mechanism, the degree of 
comminution should have relatively little impact.
As previously mentioned, comminution provides a distribution o f particle sizes rather than only 
one discrete size. To determine the relationship between liberation and particles size, the average 
particle size for a sample was used. To understand the impact o f comminution, two levels of 
comminution, resulting in two different average particle sizes, were included in the study.
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4. EXPERIMENTAL METHOD
Figure 4.1 outlines the steps followed to evaluate each sample. Each sample was prepared to 
represent a combination o f factors to determine their affect on the liberation after comminution. 
The samples were comminuted for the first time and then a representative specimen was taken for 
sieve and separation analysis. The remainder o f the sample was comminuted for a second and 
final time. Once again a representative specimen was taken for sieve and separation analysis. The 
sieve analysis provided the particles size information required for evaluation o f particle size 
distribution relationships and the Pi breakage theory. The separation analysis was used to 








Material Separation for ABS/PVC
Material Separation for ABS/PVC
Figure 4.1 Experimental Procedure
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4.1. Sample Preparation
By reviewing the factors discussed in the scoping section, an estimate o f the number o f samples 
required was made. For the material properties, the combination o f ABS and PVC must be tested 
but as a control, samples containing only ABS and only PVC must also be tested for a total of 
three material property variations. For the geometry factor, there are a total o f six configurations. 
For the fastening methods, there were three methods, 100% adhesive, 25% adhesive and rivets 
but samples with no fastener should also be used as a control for a total of four fastening 
methods. For the degree o f comminution there are two levels. To evaluate each factor in 
combination with each other factor and to provide three repetitions for statistical analysis, a total 
o f 432 samples would be required. To reduce the time and material required, a two phase 
approach was developed. The first phase would screen the factors to determine the factors 
deserving more in depth study in the second phase.
The Phase 1 sample descriptions are given in Table 4.1 and the Phase 2 samples are given in 
Table 4.2. For Phase 1 no repetitions were performed but for Phase 2 a total of three repetitions 
for each trial were performed. In addition, as part o f Phase 2, samples were prepared using ABS 
and a permanent marker rather than using fasteners and PVC sheets to simulate a coated sheet 
(e.g., paint coating). These samples are described in Table 4.3 and had no repetitions.
Samples were prepared by first cutting large sheets of ABS and PVC of the various thicknesses 
into 9 cm by 15 cm pieces. This size allowed the samples to fit into the laboratory granulator. 
These pieces were then assembled and fastened into the composite layer geometry and 
characteristic lengths required. Enough o f these assemblies were prepared so that the aggregate 
sample thickness was 25.4 mm and the aggregate sample mass was between 400 and 500 grams.
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Table 4.1 Phase 1 Sample Descriptions
Sample Description
1 2 pieces o f 12.70 mm ABS, no fasteners
2 4 pieces o f 6.35 mm ABS, no fasteners
3 8 pieces o f 3.18 mm ABS, no fasteners
4 16 pieces o f 1.59 mm ABS, no fasteners
5 2 pieces o f 12.70 mm PVC, no fasteners
6 4 pieces o f 6.35 mm PVC, no fasteners
7 8 pieces of 3.18 mm PVC, no fasteners
8 16 pieces o f 1.59 mm PVC, no fasteners
9 4 pieces of 3.18 mm ABS and 4 pieces o f 3.18 mm PVC
10 4 assemblies o f 3.18 mm ABS fastened to 3.18 mm ABS with rivets, composite 
layer geometry, characteristic length 6.35mm
11 4 assemblies o f 3.18 mm PVC fastened to 3.18 mm PVC with rivets, composite 
layer geometry, characteristic length 6.35mm
12 4 assemblies of 3.18 mm ABS fastened to 3.18 mm PVC with rivets, composite 
layer geometry, characteristic length 6.35mm
13 4 assemblies o f 3.18 mm ABS fastened to 3.18 mm ABS with 25% adhesive, 
composite layer geometry, characteristic length 6.35mm
14 4 assemblies o f 3.18 mm PVC fastened to 3.18 mm PVC with 25% adhesive, 
composite layer geometry, characteristic length 6.35mm
15 4 assemblies o f 3.18 mm ABS fastened to 3.18 mm PVC with 25% adhesive, 
composite layer geometry, characteristic length 6.35mm
16 4 assemblies o f 3.18 mm ABS fastened to 3.18 mm ABS with 100% adhesive, 
composite layer geometry, characteristic length 6.35mm
17 4 assemblies o f 3.18 mm PVC fastened to 3.18 mm PVC with 100% adhesive, 
composite layer geometry, characteristic length 6.35mm
18 4 assemblies o f 3.18 mm ABS fastened to 3.18 mm PVC with 100% adhesive, 
composite layer geometry, characteristic length 6.35mm
For example, the composite layer geometry sample with a characteristic length of 6.35 mm 
required four assemblies o f 3.18 mm ABS fastened to 3.18 mm PVC (samples 19 and 25). 
However the composite layer geometry sample with a characteristic length o f 12.70 mm required 
only two assemblies of 6.35 mm of ABS fastened to 6.35 mm of PVC (samples 21 and 27). The 
marker samples simulating the composite layer geometry with a characteristic length o f 6.35 mm 
had four individual pieces o f ABS with marker coverage o f 25% (sample 31) or 100% (sample
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35) on each piece. As in these examples, all o f the samples had an aggregate sample thickness of 
25.40 mm.
Table 4.2 Phase 2 Sample Descriptions
Sample Description
19 4 assemblies o f 3.18 mm ABS fastened to 3.18 mm PVC with 25% adhesive, 
composite layer geometry, characteristic length 6.35 mm
20 4 assemblies o f 1.59 mm ABS fastened to 4.76 mm PVC with 25% adhesive, 
composite layer geometry, characteristic length 6.35 mm
21 2 assemblies o f 6.35 mm ABS fastened to 6.35 mm PVC with 25% adhesive, 
composite layer geometry, characteristic length 12.70 mm
22 2 assemblies o f 9.53 mm ABS fastened to 3.18 mm PVC with 25% adhesive, 
composite layer geometry, characteristic length 12.70 mm
23 4 assemblies o f 3.18 mm ABS fastened to two pieces o f 1.59 mm PVC with 25% 
adhesive, coated sheet geometry, characteristic length 3.18 mm
24 2 assemblies o f 9.53 mm ABS fastened to two pieces o f 1.59 mm PVC with 25% 
adhesive, coated sheet geometry, characteristic length 6.35 mm
25 4 assemblies of 3.18 mm ABS fastened to 3.18 mm PVC with 100% adhesive, 
composite layer geometry, characteristic length 6.35 mm
26 4 assemblies o f 1.59 mm ABS fastened to 4.76 mm PVC with 100% adhesive, 
composite layer geometry, characteristic length 6.35 mm
27 2 assemblies of 6.35 mm ABS fastened to 6.35 mm PVC with 100% adhesive, 
composite layer geometry, characteristic length 12.70 mm
28 2 assemblies of 9.53 mm ABS fastened to 3.18 mm PVC with 100% adhesive, 
composite layer geometry, characteristic length 12.70 mm
29 4 assemblies o f 3.18 mm ABS fastened to two pieces of 1.59 mm PVC with 
100% adhesive, coated sheet geometry, characteristic length 3.18 mm
30 2 assemblies of 9.53 mm ABS fastened to two pieces of 1.59 mm PVC with 
100% adhesive, coated sheet geometry, characteristic length 6.35 mm
This aggregate sample size was chosen to insure a consistent loading on the granulator and to 
insure that losses of sample material during transfer and handling between laboratory equipment 
would be relatively small. More than 97% of the sample mass was retained in all cases. This is 
well within the 10% losses deemed to be acceptable by Simpson (1984).
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Table 4.3 Phase 2 Marker Sample Descriptions
Sample Description
31 4 pieces o f 6.35 mm ABS, having 25% permanent marker coverage on one side, 
simulates composite layer geometry, characteristic length 6.35 mm
32 2 pieces of 12.70 mm ABS, having 25% permanent marker coverage on one 
side, simulates composite layer geometry, characteristic length 12.70 mm
33 4 pieces o f 6.35 mm ABS, having 25% permanent marker coverage on both 
sides, simulates coated sheet geometry, characteristic length 3.18 mm
34 2 pieces o f 12.70 mm ABS, having 25% permanent marker coverage on both 
sides, simulates coated sheet geometry, characteristic length 6.35 mm
35 4 pieces o f 6.35 mm ABS, having 100% permanent marker coverage on one 
side, simulates composite layer geometry, characteristic length 6.35 mm
36 2 pieces of 12.70 mm ABS, having 100% permanent marker coverage on one 
side, simulates composite layer geometry, characteristic length 12.70 mm
37 4 pieces o f 6.35 mm ABS, having 100% permanent marker coverage on both 
sides, simulates coated sheet geometry, characteristic length 3.18 mm
38 2 pieces o f 12.70 mm ABS, having 100% permanent marker coverage on both 
sides, simulates coated sheet geometry, characteristic length 6.35 mm
4.1.1. Fastening Techniques
The samples that required riveting were riveted in four locations equally spaced along the length 
and width of the assemblies, Figure 4.2. Floles were drilled with a 3.18 mm drill bit. All steel 
rivets with a 3.18 mm stem were placed in each hole and set with a hand riveting tool.
Initial attempts to apply glue by area proved unsuccessful. The glue was applied with a mask to 
limit the application area to 25% but when the plastic sheets were pressed together, the glue 
spread in an uncontrolled fashion and in most cases spread to over 75% of the interfacial area. In 
order to control this problem, the glue was applied by volume used rather than with a mask. To 
achieve an application area that was approximately 25% of the interfacial area, 0.25 ml of glue 
was applied in two areas equally spaced along the length of the samples, Figure 4.3. For the 100%
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area samples 2.0 ml o f glue was used to ensure 100% coverage and for the marker samples 
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Figure 4.3 25% Adhesive Coverage Area
38
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.2. Comminution
The granulator used for this research was a 10 Hp Gloucester model 1012BP with 3 rotating 
blades mounted on an open rotor and one fixed bed blade. This size granulator is typically used in 
the injection moulding industry for beside-the-press applications. In this application, a granulator 
is used to recover material from sprues, runners and the occasional defective part. This granulator 
is therefore ideal for the laboratory tests needed in this research because it is designed to handle 
thick pieces o f plastic at low volumes.1
Granulators are always fitted with an exit screen in industrial applications in order to restrict the 
maximum particle size o f the product. Figure 4.4 shows the granulator in the open position with 
9.50 mm exit screen partially installed.
For this research a 19.00 mm exit screen was used for the first comminution and a 9.50 mm exit 
screen was used for the final comminution. Attempts to use a 4.76 mm exit screen were 
unsuccessful since the resulting particle sizes were too small for the manual separation o f material 
types and the small size resulted in almost 100% liberation on all samples tested.
1 It should be noted that the energy need to achieve a desired comminution is typically of interest when 
studying comminution and selecting comminution devices. However, the selection of a granulator 
appropriate for a particular application does not usually consider the energy requirements. Granulator size 
is specified by the opening size of the throat leading to the granulator chamber and by the mass throughput. 
Granulators in industry generally run continuously and the majority of energy consumed occurs when the 
granulator is idle and running without a load. The specific energy required for granulation is not a concern 
in industry but may be of academic interest.
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Several samples were comminuted without an exit screen in order to gain a qualitative 
understanding of a sample’s performance after experiencing a very small number of breakage 
events. However, these attempts did not provide a product amenable to quantitative evaluation as 
can be seen in Figure 4.5. In these cases, the resulting particles proved too large to run through 
the sieve and thus could not be size classified in any established manner.
A meticulous clean-up routine was established to avoid material loss and contamination from 
successive samples. This was a concern since a granulator is typically run on a continuous basis 
and not in a batch mode as required for this research. By carefully collecting the sample particles 
contained in the machine’s crevices, using a hand held vacuum cleaner, it was possible to 
minimize material loses.
Figure 4.4 Granulator with 9.50 mm Screen
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Figure 4.5 Sample Comminuted without an Exit Screen
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.3. Sample Division
The samples were divided to provide a 50 to lOOg specimen for sieve analysis thereby reducing 
the likelihood of blocked mesh openings. To achieve a representative specimen, the samples 
made two passes through a 50% riffler. The riffler, shown in Figure 4.6, was tested to insure that 
it provided representative specimens.
Figure 4.6 Riffler
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4.4. Sieve Analysis
The sieve analysis was performed according to method A o f ASTM D 1921 (Standard Test 
Methods of Particle Size (Sieve Analysis) o f Plastic Materials) using wire cloth sieves mounted in 
8-inch circular frames and conforming to ASTM E l l .  The sieve stack spanned the 19.00 mm to 
0.85 mm range. Additional intermediate sizes were added to the sieve stack for Phase 2 to insure 
representative results were obtained when calculating average particle sizes.
4.5. Material Separation
Separating the ground samples into pure ABS, pure PVC and joined ABS and PVC is essential to 
assessing the degree o f liberation achieved. The initial attempts to separate the two materials 
using density proved to be unsuccessful. Common table salt and sugar were dissolved in water to 
create solutions in which ABS, PVC and joined ABS and PVC would selectively float and sink. 
By separating the floating material from the material that settled to the bottom, it was thought that 

















Figure 4.7 Floatation Separation
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Testing the separation process with rectangular pieces o f pure and joined ABS and PVC 
combinations showed that the floatation would work as a separation process. However, the 
products of comminution did not perform as expected. Particles o f visibly pure PVC would float 
while pure ABS would sink despite the roughly 50% higher density for the PVC. A review o f the 
literature on the floatation o f plastic indicated that particle shape can play a more significant role 
than density in determining the floatation point o f plastic particles as a result of surface tension 
effects (Shent et al. 1999, Shen et al. 2001, Shibata et al. 1996, Marques and Tenorio 2000). 
Attempts to reduce surface tension effects by using calcium chloride as a solution densifier and 
tannic acid as a surface tension reducer were unsuccessful. A more elaborate density separation 
process would be required. Since the focus o f the research was on liberation rather than on 
separation processes, attempts to use plastic floatation as a separation process were dropped in 
favour of a visual separation process. Because the ABS was white and PVC was dark gray, 
liberated and joined material could be identified visually and separated by hand (Figure 4.8). 
Separation o f the marker sample was equally straight forward because o f the contrast between the 
white ABS and the dark blue marker. The separated materials were then weighed and the 
liberation was calculated by dividing the mass o f liberated material by the total mass of the both 
the liberated and joined materials.
Static became a problem during the transfer o f material, riffling, sieve analysis and the separation 
analysis. Small pieces of both ABS and PVC would cling to the outside of the riffler, the funnel, 
the sieves, brushes and even the technician’s hands and fingers. A liberal application of aerosol 
Static Guard to the riffler, funnel sieves and brushes help to reduce this effect.
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Figure 4.8 Example of Visual Separation
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5. RESULTS AND DISCUSSION
The results and accompanying discussion are divided into three sections: particle size distribution, 
Pi breakage and liberation.
5.1. Particle Size Distribution
Appendix A contains the sieve analysis mass data for all of the Phase 1 and Phase 2 samples. 
Appendix B contains the detailed analysis and particle size distributions.
Figure 5.1 contains the particle size distribution for the products o f the first and second 
comminution averaged over all o f the first and second phase samples. The shape o f the particle 
size distribution appears sigmoidal, as could be expected from the literature. The average particle 
size was 7.63 mm and 4.54 mm for the first and second comminution respectively.
In order to achieve consistent results, an identical sieve stack must be used for the laboratory 
measurements. During the second phase, more sieve sizes were used for sample measurement 
than during the first phase in order to acquire additional, detailed data about the larger particle 
sizes. This unexpectedly resulted in a larger measured average particle size for the second phase 
compared to the first phase, especially for the products of the first comminution. As a result, the 
particle sizes for the Phase 1 samples were re-measured with the sieve stack used for Phase 2. The 
results are a higher measured average particle size, particularly for the products o f the first 
comminution. It is speculated that the increased mass or height of the actual sieve stack used in 
Phase 2 changed the performance o f the sieve shaker. In order to have consistent and comparable
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results for both the Phase 1 and Phase 2 samples, only the data collected using the larger Phase 2 
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Figure 5.1 Average Particle Size Distribution
5.1.1. Particle Size Distribution Relationships
The Gaudin particle size distribution relationship is linear when plotted with log-log scales. 
Figure 5.2 shows the average particle size distribution data and the correlation for the total of all 
samples for both the first and second comminution products using log-log scales. Correlating the 
data using the least squares method, excluding the smallest and the largest particle sizes, yields a 
linear approximation o f more than 70% of the sample mass as seen in Table 5.1. The smallest 
and largest sizes were excluded from the correlation since they represent a very small mass on
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each sieve which could not be measured accurately with the scale used. The values for m and K 
pass a one sided 0.001 t-test of significance for the importance of these parameters for even the 
worst correlating samples (critical t is 5.89 for v=5; 10.21 for v=3). The coefficient of 
determination, R2, is over 0.97 in all cases and passes a 0.001 F-test for significance (comparing 
the difference between the predicted mass fraction and the average mass fraction to the difference 
between the observed mass fraction and the predicted mass fraction) for even the worst 
correlating samples (critical F is 47.18 for v i= l, v2=5; 167.0 for v ^ l ,  v2=3). The size 
distribution o f products of granulation in this set o f experiments follow the Gaudin particle 
distribution relationship closely.










F,v i,v2 2272,1,5 4724,1,3
The Rossin-Rammler particle size distribution relationship is linear when plotted with semi-log 
scales. Figure 5.3 shows that the average particle size distribution data and Rosin-Rammler 
correlation for the total of all samples for both the first and second comminution products using 
semi-log scales. Correlating the data using the least squares method yields a poor fit as seen in 
Table 5.2. The coefficient of determination, R2, is less than 0.87 in all cases and fails a 0.001 F- 
test for significance (critical F is 35.51 for V ] = l ,  v2=6; 47.18 for V i = l ,  v2=5). As a result, the 
Rosin-Rammler relationship does not explain the distribution of particle sizes well. This suggests 
that the various size distribution relationships cannot be universally applied in varying situations.
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Figure 5.2 Correlation to Gaudin Particle Size Distribution 








F , v , , v 2 29,1,6 22,1,5
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Figure 5.3 Correlation to Rosin-Rammler Size Distribution Relationship
5.1.2. Factors Affecting Particle Size
5.1.2.1. Material Properties
To determine if the differences in material properties between and ABS and PVC had an effect on 
the average particle size, Phase 1 samples consisting of only ABS were compared to those 
consisting of only PVC. Table 5.3 shows the average particle sizes for the pure samples for both 
the first and second comminution. Using a one tailed t test for significance reveals that the PVC 
has a measurable smaller average particle size than ABS after the first comminution but not the 
second comminution. However, the actual difference between the two material particle sizes after
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the first comminution is only 0.64 mm or 8.8%. The implication o f this analysis is that, while 
there is a measurable difference between the average particle size for ABS and PVC, the 
magnitude of the difference is small and is only statistically significant after the first 
comminution. The differences between the two materials can be seen visually in Figure 5.4.
Table 5.3 Material Properties and Average Particle Size







Avg Std Dev Avg Std Dev
First
Comminution 7.63 0.30 6.99 0.29 -0.64 3.74 0.18 0.1%
Second
Comminution 4.57 0.18 4.45 0.17 -0.12 5.72 0.14 13.4%
Sample run 
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Figure 5.4 Material Properties and Particle Size Distribution
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5.1.2.2. Material Thickness
Table 5.4 shows the average particle sizes for the various thicknesses included in Phase 1. Despite 
an eight fold increase in original sample thickness from 1.59 mm to 12.70 mm, the average 
particle size varied by less than 11% in all cases. Therefore material thickness has a minor impact 
on average particle size. To further demonstrate this impact, the particle size distribution curves 
for the various ABS thicknesses after the first comminution is shown in Figure 5.5.
Table 5.4 Sample Thickness and Average Particle Size




First Comminution Second Comminution
ABS PVC Average ABS PVC Average ABS PVC
12.70 7.01 7.01 7.01 4.81 4.71 4.76 1 5
6.35 7.48 7.11 7.30 4.75 4.65 4.70 2 6
3.18 7.73 7.15 7.44 4.61 4.39 4.50 3 7
1.59 7.66 7.05 7.35 4.31 4.31 4.31 4 8
Average 7.47 7.08 7.28 4.62 4.51 4.57
Sample
Deviation 0.325 0.062 0.187 0.226 0.195 0.206
Maximum 7.73 7.15 7.44 4.81 4.71 4.76
Minimum 7.01 7.01 7.01 4.31 4.31 4.31
Relative Range 9.7% 1.9% 5.9% 10.9% 8.8% 9.9%
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Figure 5.5 ABS Thickness and Particle Size Distribution
5.1.2.3. Fastening Methods
During Phase 1 four different fastening methods were used to join identical configurations of 
material: rivets, 25% adhesion, 100% adhesion and, as a control, no fastener. Table 5.5 shows a 
comparison of the average particle size for the various fastening methods. The effect of varying 
fastening methods has relatively little impact on average particle size with the largest difference 
being 13% of all cases. To further demonstrate this Figure 5.6 shows the particle size distribution 
for PVC for the various fastening methods after the first comminution.
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Table 5.5 Fasteners and Average Particle Size
Average Particle Size (mm)
















none 7.73 7.15 7.69 7.52 4.61 4.39 4.63 4.54
rivets 7.81 6.44 7.12 7.12 4.44 4.47 4.61 4.50
25% Adhesive 7.87 6.85 7.33 7.35 4.49 4.33 4.56 4.46
100% Adhesive 7.84 7.35 7.09 7.42 4.55 4.30 4.41 4.42
Average 7.81 6.95 7.31 7.36 4.52 4.37 4.55 4.48
Sample
Deviation 0.061 0.393 0.279 0.170 0.073 0.073 0.098 0.051
Maximum 7.87 7.35 7.69 7.52 4.61 4.47 4.63 4.54
Minimum 7.73 6.44 7.09 7.12 4.44 4.30 4.41 4.42
Relative Range 1.8% 13.0% 8.3% 5.4% 3.7% 3.8% 4.7% 2.7%
Sample run 
number used
none 3 7 9
rivets 10 11 12
25% Adhesive 13 14 15
100% Adhesive 16 17 18
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Figure 5.6 Fasteners and Particle Size Distribution
Using the data from Phase 2, Table 5.6 provides a comparison o f the average particle size for 
samples with 25% adhesive and 100% adhesive. Although a one tailed t test o f significance 
shows a measurable difference in average particle size between the two adhesive levels after the 
first comminution, the absolute value o f the difference in average particle size is less than 4%. 
After the second comminution there is no measurable difference in particle size for the two 
adhesive levels. The level o f adhesive has little impact on the average particle size. This is further 
shown by the graphical comparison of particle size distributions for both levels of adhesive and 
comminution in Figure 5.7.
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Table 5.6 Adhesive and Average Particle Size











Avg Std Dev Avg Std Dev
First
Comminution 7.58 0.27 7.87 0.39 0.29 2.51 0.34 0.8%
Second
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Figure 5.7 Adhesive Level and Particle Size Distribution
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5.1.2.4. Degree of Comminution
All samples for both phases underwent two comminution steps; the first with a 19.00 mm exit 
screen and the second with a 9.5 mm exit screen. The average particle size changed from the 
7.63 mm after the first comminution to 4.54 mm after the second comminution and this difference 
is statistically significant as shown in Table 5.7. This result is expected because the purpose of 
two comminution levels and two sizes o f granulator exit screens for testing is to achieve a 
significant change in average particle size. The overall particle size distributions for the first and 
second comminution levels have been shown previously in Figure 5.1.











Avg Std Dev Avg Std Dev
Average Particle 
Size (mm) 7.63 0.43 4.54 0.13 -3.09 54.34 0.32 0.0%
All samples from the first and second phase were used to calculate the average particle size.
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5.2. Pi Breakage Theory
The data for evaluating the Pi breakage theory are contained in Appendix A and the relevant 
analysis is contained in Appendix B and C.
To study the Pi breakage theory, feed and product vectors were defined as the particle size 
distributions from the first and second comminution respectively. The applicability of the Pi 
breakage theory can be assessed by examining the feed and product vectors shown graphically in 
Figure 5.8 and numerically in Table 5.8. For size fraction 1, the product vector has a value of
0.0%. This indicates that all of the material in the feed o f size fraction 1 was selected for 
comminution. This is understandable since the exit screen for the second comminution was 
smaller than the particle size of this feed fraction. Feed particles larger than the exit screen must 
be comminuted before the material can leave the granulator. Therefore, for feed particles larger 
than the exit screen, the selection function value must be 1.
A more detailed evaluation is required to determine the selection function for feed sizes smaller 
than the exit screen. However even without a detailed evaluation, the data in Table 5.8 can be 
used to speculate about the selection function for these smaller sizes. For size fraction 3, there is 
virtually no material in the product indicating a selection of 1 for this size even though it is 
smaller than the exit screen of size 9.50 mm. This would suggest that the selection function 
values are close to 1 for feed sizes only slightly smaller than the exit screen. This seems plausible 
given the following assumptions:
• The chance that a particle is selected for comminution depends on the particle 
residence time in the granulator; and
• Larger particles are less likely than smaller particles to pass through the exit screen 
within a given time interval.
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Figure 5.8 Feed and Product Distribution
Table 5.8 Overall Feed and Product Vectors






1 12.50 - 19.00 15.41 7.5% 0.0%
2 9.50 - 12.50 10.90 19.4% 0.6%
3 8.00 - 9.50 8.72 12.5% 0.5%
4 4.75 - 8.00 6.16 44.6% 39.8%
5 3.35 - 4.75 3.99 9.4% 34.8%
6 2.36 - 3.35 2.81 3.6% 15.9%
7 1.70 - 2.36 2.00 1.5% 5.0%
8 1.18 - 1.70 1.42 0.8% 2.1%
9 0.85 - 1.18 1.00 0.5% 0.8%
10 0.00 - 0.85 0.43 0.2% 0.4%
# 10 is the undersize or the material smaller than the 
smallest sieve
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Given these assumptions, larger particles would spend more time in the granulator and therefore 
be more likely to break. The result would be selection function values that approached unity for 
particle sizes only slightly smaller than the exit screen. As well, selection function values would 
decrease as particle size decreased, an observation supported by Vesiland et al. (1986).
To determine the selection function values for a given feed particle size requires an understanding 
o f the breakage function describing the particular comminution process. Often an assumption is 
made as to the form of the breakage function and the values o f the selection function are then 
determined. Rather than make such an assumption, a new approach to determining the breakage 
function by correlating laboratory measurements was developed.
Comminuted PVC particles were separated into size fractions using the same set o f sieves as were 
used for the particle size distribution measurements. This separation process resulted in samples 
containing a very narrow range o f particle sizes and having an average particle size that 
corresponded to the size fractions listed in Table 5.8. Thus, one sample would consist only o f the 
particles contained within one sieve and would be re-fed back into the granulator. These 
fractionated samples were then comminuted using the 9.50 mm exit screen and the size 
distribution o f the product was measured.
The two largest fractionated samples corresponding to the average feed particle sizes of 
15.41 mm and 10.90 mm were completely selected. In addition, the 8.72 mm feed size sample 
was completely selected despite having a feed size smaller than the 9.50 mm exit screen. The 
particle size distribution for these three samples are shown as a function of particle size, x , and 
as a function of particle size as a fraction o f feed size, x ! x a in Figure 5.9 and Figure 5.10 
respectively. The three product size distributions coincide when plotted as a function of x but do 
not coincide when plotted as a function o f x / x a . The Broadbent-Callcott, Gaudin-Meloy and
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Figure 5.10 Product Size Distribution as a Function of x l  xa
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Bergstrom breakage functions do not apply since they relate the product size distribution to the 
particle size as a fraction of feed size. The particle size distribution of the product after 
comminution in a granulator fitted with an exit screen is independent o f feed size for particles 
larger than the exit screen size. This is in agreement with the previous finding that the average 
particle size does not vary with thickness changes o f the feed material.
Figure 5.11 shows the product size distributions for all of the fractionated samples. The samples 
having a feed size o f 6.2 mm or larger appear to have the same distribution of product particle 
sizes and all of the product particles are smaller than the size of the feed particles. For the samples 
having feed particle sizes that were 4.0 mm or smaller, the size distribution after granulation 
appears to coincide with the product distribution o f the larger feed sizes. However, after 
granulation there are still particles that are in the same size fraction as before granulation. These 
particles may be selected and broken but remain in the original size fraction or simply unselected 
and unbroken. For example, the 2.8 mm feed size was granulated and the product is distributed 
between the 1.0 mm, 1.4 mm, and 2.0 mm size fractions and coincides with the common 
distribution curve. However, the portion in the 2.8 mm size fraction does not follow the common 
distribution curve because this portion contains unbroken particles or particles that were broken 
and simply remained in the same size fraction. The transition from the common distribution curve 
and the top size fraction containing both broken and unbroken particles is not known.
The common product particle size distribution from Figure 5.11 can be correlated using a Gaudin 
type (Equation 10) size distribution as shown in Figure 5.12. The data points, excluding the 
product size fraction smaller than the smallest sieve and the mass fractions approaching 100%, 
were correlated using the least squares method and yielded m and K values of 2.77 and 6.03 
respectively. Both o f these values pass a one sided 0.001 t-test for significance (tm=l 8.7, tK=37.9, 
critical t for 0.1%, v=28 is 3.4). The coefficient of determination, R2, is 0.926 indicating a good
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Figure 5.11 Fractionated Feed - Product Size Distribution
fit and passes a 0.001 F-test for significance (F=350.6, critical F for 0.1% V ] = l ,  V 2 = 2 8  is 13.5). 




This function can not be properly called a breakage function but it does describe the particle size 
distribution if two conditions are met. The first condition requires that the particle size be smaller 
than the feed size which implies that only the distribution o f broken particles are described and 
represents the common distribution curve in Figure 5.11. The second condition requires that the 
particle size must be smaller than 6.03 mm and is an effect o f the granulator exit screen. If these
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two conditions are not met, either x is equal to or larger than the feed size or x is larger than 
6.03 mm, then Y , the mass fraction smaller than x , will be one.
With additional conditions the mass distribution function can also be used to determine the 
selection function. For the conditions where x  =  x a and x a < 6 .03  mm, Y  the mass fraction 
smaller than x  will also be the selection function value. For the condition where xa > 6.03 mm,
the selection function is one. The following equations summarize the size distribution and 
selection function relationships.
Y  =
f  \ 2.77
X
v 6.03y
7  =  1
r \  2-77x„
s„ =
v 6.03y
S .  =1
; x < xa and x  < 6.03 mm  
; x  > x a or x > 6.03 mm  
; x a < 6.03 mm [25]
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Figure 5.12 Gaudin Correlation of the Breakage Size Distribution
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The product particle size distribution is independent o f feed particle size and selection is a 
function of feed particles size. Using these relationships a predicted product particle size 
distribution can be determined. Figure 5.13 and Table 5.9 provide a comparison o f the predicted 
and observed values. The predicted average particle size is the same as the observed value. The 
largest error in predicting the size o f a particular product fraction is 3.5%. The relationships allow 
the prediction of the product vector given a particular feed vector.
The above evaluation provides evidence that the selection function is not constant and therefore 
the Pi breakage does not hold for the comminution o f plastics in a granulator fitted with an exit 
screen. Despite this finding, the prediction of comminuted particle size distributions is possible 
by using the concepts o f breakage and selection. The effort required to determine the breakage 
and selection functions is considerable and may not be warranted. The granulator used in these 
evaluations produced remarkably consistent product size distributions despite variations in the 
feed. In most circumstances where product size information after comminution is needed, 
shredding or granulating a typical sample with a given machine and exit screen and performing a 
sieve analysis on the product is likely to provide most of the information needed and with less 
effort than determining selection and breakage functions.
The effort in determining breakage and selection functions may be warranted in special 
circumstances. For example, if factors were found that did cause a variation in the average and 
distribution of comminution particle sizes, then manufactured products could be designed to 
allow material separation by size. In this situation, breakage and selection function may be useful 
in predicting the comminution particle sizes. A manufactured product designer would use 
breakage and selection functions as tools to evaluate the ease o f material recovery for different 
product designs.
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Figure 5.13 Predicted Product Distribution
Table 5.9 Predicted Product Distribution











1 12.50 - 19.00 15.41 7.5% 0.0% 0.0% 0.0%
2 9.50 - 12.50 10.90 19.4% 0.6% 0.0% -0.6%
3 8.00 - 9.50 8.72 12.5% 0.5% 0.0% -0.5%
4 4.75 - 8.00 6.16 44.6% 39.8% 43.3% 3.5%
5 3.35 - 4.75 3.99 9.4% 34.8% 33.1% -1.7%
6 2.36 - 3.35 2.81 3.6% 15.9% 13.9% -2.0%
7 1.70 - 2.36 2.00 1.5% 5.0% 5.5% 0.5%
8 1.18 - 1.70 1.42 0.8% 2.1% 2.5% 0.4%
9 0.85 - 1.18 1.00 0.5% 0.8% 1.1% 0.2%
10 0.00 - 0.85 0.43 0.2% 0.4% 0.6% 0.2%
Average Size (mm) 7.63 4.54 4.54
#10 is the undersize or the material smaller than the smallest sieve
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5.3. Liberation
The data for evaluating liberation are found in Appendix A and relevant analysis is in 
Appendix D.
5.3.1. Phase 1
The purpose of Phase 1 was to determine whether the factors outlined in the scope affected the
liberation of materials. Factors or elements o f a factor were chosen for more detailed study in
Phase 2 if  the effect on liberation was significant or interesting: this resulted in a more efficient 
and focused research program.
5.3.1.1. Material Properties
The first phase o f the research compared the performance of three material combinations:
1. ABS combined with ABS,
2. PVC combined with PVC and
3. ABS combined with PVC.
The purpose o f the first two material combinations was to provide a control case for the third 
material combination. The third material combination was chosen to determine whether the 
stripping liberation mechanism would occur.
During Phase 1, it was realized that the pure material combinations (items 1 and 2 above) 
provided little benefit as a control for the third material combination. It is not possible to visually 
determine whether the pure plastic components were liberated: for example, PVC on “one side”
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appeared just the same as PVC on “the other side” . As a result, it was not possible to ascertain if 
the ABS/PVC combination was more or less liberated than the PVC/PVC combination sample. 
Therefore including pure material combinations in the second phase o f the investigation would 
provide little additional information and they were subsequently omitted.
Since the particle size distribution and average particle size after comminution for both ABS and 
PVC were similar it was not possible to determine the liberation mechanism by examining the 
products o f comminution alone. If chopping occurs there will be at least some joined material for 
even very small particle sizes. However if  there is little or no joined material it is difficult to 
know if the liberation occurred through dividing or stripping. A situation could occur where one 
material is divided or stripped from another and the liberated materials were then further 
comminuted before passing through the granulator’s exit screen. In this way, the exit screen could 
conceivably mask the differences between the dividing and stripping mechanisms.
To determine whether material properties influenced the liberation mechanism, several samples 
were comminuted in the granulator without an exit screen. Such samples experienced a very 
limited number of impacts, often only one or two, before exiting the granulator. The samples 
were examined for evidence of dividing or stripping. Dividing would be indicated by large pieces 
o f different materials which had become separated at the interface between them. Stripping would 
be indicated if one material was broken into smaller pieces than the other material. A comparison 
o f samples, having the same geometry and prepared with the same fasteners but with different 
combinations of materials, did not show any significant difference in liberation mechanism or 
degree of liberation. For example, riveted samples consisting o f ABS fastened to ABS appeared 
to be dividing in a similar way and to a similar extent as samples consisting of ABS fastened to 
PVC. The differences in material properties between ABS and PVC did not appear to influence
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the liberation mechanism or degree of liberation that occurs in a granulator. The effect of material 
properties was not studied in the second phase of the investigation.
However, the combination o f ABS and PVC was used in the second phase to allow for the 
measurement o f liberation. The white ABS and dark grey PVC make it possible to visually 
distinguish the joined and liberated material after comminution. Since the material properties do 
not have a significant impact on liberation, any differences in the levels o f liberation attained 
between samples can be attributed primarily to changes in other factors such as fastening methods 
and geometry.
5.3.1.2. Geometry
Only one geometry, characteristic length and configuration was included in the first phase and so 
the effect of geometry could not be fully investigated. Phase 2 explored the effect o f this factor on 
liberation.
5.3.1.3. Fastening Methods




4. No fastener and
5. Solid pieces o f ABS and PVC only.
The fourth and fifth fastening method samples were included to provide a control for the first 
three fastening methods. Since samples without fasteners and solid pieces o f plastic are
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completely liberated even before the first comminution, they only serve as controls for particle 
size. As previously discussed, the fastening method had no significant impact on the particle size 
or distribution after comminution. For this reason, the no fastener and solid piece fastening 
methods were not included in the second phase o f the investigation.
Table 5.10 summarizes the liberation results for rivets, 25% adhesive and 100% adhesive 
fastening methods. Rivets achieved the highest liberation level at 100% after only the first 
comminution. The next highest liberation was achieved by the 25% adhesive and the lowest 
liberation was the 100% adhesive samples. The percentage liberation is the total amount o f both 
materials, by mass, that are no longer joined to one another. The effect o f additional comminution 
differed for the two adhesive application rates. The interaction o f comminution and adhesive level 
was studied in more detail in Phase 2.
Table 5.10 Phase 1 Liberation
Liberation
Rivets 25% Adhesive 100% Adhesive
First
Comminution 100.0% 95.2% 42.2%
Second
Comminution 100.0% 99.5% 68.7%
Sample run 
number used 12 15 18
An examination of the comminuted particles for the three fastening methods showed evidence of 
the chopping mechanism (joints between materials in even small particles) for the adhesive 
samples only. The adhesive samples also showed some evidence o f the dividing liberation 
mechanism (failure o f joints between materials) for both adhesive levels although it was only 
expected in the 25% adhesive case. Comminuting additional adhesive samples in the granulator 
without an exit screen revealed that the dividing mechanism was occurring for both adhesive 
levels. It was also evident that the adhesive was failing in some instances. To measure how much
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of the liberation is due to dividing rather than chopping, the samples that were “painted” with a 
marker were included in the second phase of the investigation as a control.
The comminution particles for the riveted samples showed no evidence of the chopping 
mechanism (interfacial joints in small particles). In addition, distinct pieces of steel rivet heads 
and stems were found indicating rivet failure, perhaps through shearing. Riveted samples 
comminuted in a granulator without an exit screen showed that the dividing mechanism (failure 
of interfacial joints) was occurring. Samples that experienced one or two impacts showed failure 
of two or three o f the four rivets per assembly. The failed rivets were invariably missing one head 
of the rivet (Figure 5.14). Samples that underwent a few additional impacts achieved complete 
liberation through the dividing mechanism. With these results in the first phase, it was possible to 
conclude that riveting is the preferred fastening method over adhesives and that complete 
liberation can be expected after comminution in a granulator. Given these unambiguous results 
from Phase 1, riveting was not included in the second phase o f the research.
liberated PVC liberated ABS
r i \ c t s
Figure 5.14 Rivet Failure
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5.3.1.4. Comminution
Liberation is increased as the sample is comminuted into finer sizes for samples fastened with 
adhesive, shown in Table 5.10. The interaction of the adhesive level and degree o f comminution 
is not straight forward and depends on the combination o f dividing and chopping mechanisms 
that are occurring.
5.3.1.5. Phase 1 Summary
Through Phase 1 o f the investigation it was possible to determine that the material property 
differences between ABS and PVC have no impact on liberation and that the stripping 
mechanism did not occur. Samples prepared with rivets achieved liberation through the dividing 
method. Rivets are preferable over adhesive as a fastening method when considering the ease of 
material liberation. Increased comminution also increased the liberation achieved although the 
interaction of adhesive level and comminution required more study.
5.3.2. Phase 2
Phase 2 of the investigation focused on geometry and characteristic length, adhesive level, 
comminution level and the interaction o f these factors on liberation.
5.3.2.1. Geometry
The liberations for the composite layer and coated sheet geometries were compared for the 
characteristic length o f 6.35 mm. As can be seen from Figure 5.15, the primary difference 
between these two geometries is the number o f material layers and the corresponding number of 
interfaces between them. Table 5.11 shows a comparison of the geometries for both adhesive and
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comminution levels. The difference in liberation between the two geometries for the 25% 
adhesive samples is minor but is significant at the 100% adhesive level where the coated sheet 
has on average a 20% higher liberation than the composite layer. This difference passes a 1% one 
tailed t test for significance. For a given characteristic length and at high adhesive levels, the 
coated sheet geometry has a higher level o f material liberation for each level o f comminution.
(a) (b)
Figure 5.15 Composite Layer (a) and Coated Sheet Geometries (b)







Composite Layer Coated Sheet Change
Avg Std Dev Avg Std Dev
First
Comminution
25% Adhesive 94.8% 0.8% 96.7% 1.6% 1.9% 2.10 0.01 3.7%
100% Adhesive 39.6% 6.1% 60.3% 10.4% 20.7% 3.31 0.09 0.6%
Second
Comminution
25% Adhesive 97.7% 0.9% 98.6% 0.9% 0.9% 1.19 0.01 13.7%
100% Adhesive 61.1% 4.9% 79.6% 6.9% 18.6% 4.11 0.06 0.2%
Sample run 
number used
25% Adhesive 19,20 24
100% Adhesive 25,26 30
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Despite having the same characteristic length the change in geometry led to a change in 
liberation. To determine if the coated sheet geometry was prone to increased occurrences of 
adhesion failure 100% adhesive samples were comminuted without an exit screen. Both the 
composite layer and coated sheet geometries had good joint performance and there was little 
evidence of dividing (failure of joints along interface).
The relationship between liberation and characteristic length from Chapter 2 shows that particle 
size must be smaller than the characteristic length before liberation occurs. However, this is not 
the case. For the coated sheet geometry consisting o f 9.35 mm ABS between two 1.59 mm PVC 
sheets, particles as large as 9.35 mm could be completely liberated. For the composite layer 
geometry, consisting o f 3.18 mm ABS joined to 3.18 mm or 1.59 mm ABS joined to 4.76 mm 
PVC, particles must be at least as small as 4.76 mm before liberation occurs. Despite having the 
same characteristic length the coated sheet geometry will begin to show liberation at particle sizes 
twice that of the composite layer geometry. This suggests that characteristic length, while 
intuitively plausible, may not be a useful universal parameter for comparing the ultimate level of 
liberation obtainable for various geometries.
To determine if the characteristic length is useful when considering only a single geometric type, 
a comparison o f different characteristic lengths for each o f the two geometries was conducted. 
For the composite layer geometry two characteristic lengths were studied: 6.35 mm and 
12.70 mm. Table 5.12 shows a comparison of the characteristic lengths for various adhesive and 
comminution levels. The difference in liberation between the two characteristic lengths is 
statistically significant based on a 1% one tail t test. The longer characteristic length achieves 
high levels of liberation for a given level o f comminution. This effect is minor in absolute terms 
for the 25% adhesive samples but for the 100% adhesive the effect is substantial. The 100% 
adhesive samples achieve more than 30% more liberation at the longer characteristic length after
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both the first and second comminution. This indicates that the characteristic length may be 
important in some circumstances.
For the coated sheet geometry two characteristic lengths were also studied: 3.18 mm and 6.35 
mm. Table 5.13 shows a comparison of the characteristic lengths for various adhesive and 
comminution levels. The difference in liberation between the two characteristic lengths is 
statistically significant for the 100% adhesive samples based on a 1% one tail t test. The 25% 
adhesive samples fail the t test for 1% significance. The 100% adhesive samples achieve a greater 
than 40% liberation increase for the longer characteristic length when compared to the shorter 
characteristic length at either level o f comminution. Because the characteristic length is only 
expected to be an important parameter in predicting the liberation achieved through the chopping 
mechanism, this result suggests that the 25% adhesive does not undergo liberation by chopping 
and the 100% adhesive samples do undergo liberation by chopping.







xc= 6.35 mm xc = 12.70 mm Change
Avg Std Dev Avg Std Dev
First
Comminution
25% Adhesive 94.8% 0.8% 99.2% 1.4% 4.4% 6.38 0.01 0.0%
100% Adhesive 39.6% 6.1% 76.3% 6.7% 36.7% 9.10 0.07 0.0%
Second
Comminution
25% Adhesive 97.7% 0.9% 100.0% 0.1% 2.2% 5.47 0.01 0.0%
100% Adhesive 61.1% 4.9% 91.2% 3.9% 30.1% 10.76 0.05 0.0%
Sample run 
number used
25% Adhesive 19, 20 21,22
100% Adhesive 25,26 27,28
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xc = 3.18 mm xc = 6.35 mm Change
Avg Std Dev Avg Std Dev
First
Comminution
25% Adhesive 91.7% 1.8% 96.7% 1.6% 5.0% 2.88 0.02 2.2%
100% Adhesive 18.6% 2.1% 60.3% 10.4% 41.7% 5.56 0.09 0.3%
Second
Comminution
25% Adhesive 94.2% 2.5% 98.6% 0.9% 4.4% 2.36 0.02 3.9%
100% Adhesive 39.2% 1.8% 79.6% 6.9% 40.4% 8.04 0.06 0.1%
Sample run 
number used
25% Adhesive 23 24
100% Adhesive 29 30
By reviewing the samples comminuted in the granulator without an exit screen, it was found that 
the dominant liberation mechanism for the 100% adhesive samples was chopping, and that the 
dominant liberation mechanism for the 25% adhesive samples was dividing. After only a few 
impacts the 25% adhesive samples showed evidence o f dividing (joint failure) and a small 
amount of chopping while the 100% adhesive samples showed evidence of chopping (materials 
joined in even small particles). The 100% adhesive samples undergo a liberation process 
dominated by the chopping mechanism and the 25% adhesive samples undergo both chopping 
and dividing mechanisms. This suggests that for comparisons within one geometric type and for 
liberation through the chopping mechanism, characteristic length maybe useful in predicting 
liberation.
To confirm the usefulness o f characteristic length, samples with two different configurations were 
prepared for the each of the two characteristic lengths, 6.35 mm and 12.70 mm, for the composite 
layer geometry. For the 6.35 mm characteristic length, Table 5.14 shows a comparison o f the two
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
sample configurations for various adhesive and comminution levels. The difference in liberation 
between the two configurations is statistically significant based on a 1% one tailed t test for only 
the 100% adhesive sample and only after the first comminution. The effect o f changing the 
configuration resulted in a 10.6% change in liberation for the 100% adhesive sample after the first 
comminution and this effect became negligible after the second comminution. For the 25% 
adhesive samples no effect on liberation was observed for the change in configuration.







3.18 mm ABS & 
3.18 mm PVC
1.59 mm ABS & 
4.76 mm PVC
Change
Avg Std Dev Avg Std Dev
First
Comminution
25% Adhesive 94.8% 0.9% 94.8% 0.8% 0.0% 0.02 0.01 49.1%
100% Adhesive 34.3% 2.5% 44.9% 1.6% 10.6% 5.03 0.03 0.4%
Second
Comminution
25% Adhesive 97.6% 0.9% 97.8% 1.1% 0.2% 0.17 0.01 43.8%
100% Adhesive 60.9% 6.0% 61.2% 4.9% 0.3% 0.06 0.07 47.8%
Sample run 
number used
25% Adhesive 19 20
100% Adhesive 25 26
Two different configurations were also studied for the composite layer geometry at the 12.70 mm 
characteristic length. Table 5.15 shows a comparison o f the two configurations for various 
adhesive and comminution levels. The difference in liberation between the two configurations is 
minor compared to the standard deviation in the sample measurements and fails a one tailed t test 
at 1% significance. For the composite layer geometry at a characteristic length o f 12.70 mm, a 
change of configuration had no impact on the liberation achieved at either level o f adhesive or 
comminution.
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6.35 mm ABS & 
6.35 mm PVC
9.53 mm ABS & 
3.18 mm PVC
Change
Avg Std Dev Avg Std Dev
First
Comminution
25% Adhesive 98.7% 1.9% 99.8% 0.2% 1.1% 0.83 0.02 22.8%
100% Adhesive 75.8% 4.2% 76.8% 9.6% 1.0% 0.13 0.09 45.1%
Second
Comminution
25% Adhesive 99.9% 0.1% 100.0% 0.0% 0.1% 0.82 0.00 23.0%
100% Adhesive 92.5% 0.7% 89.8% 5.7% -2.7% 0.67 0.05 27.0%
Sample run 
number used
25% Adhesive 21 22
100% Adhesive 27 28
For 100% adhesive samples a change in configuration had an impact on liberation for the 
6.35 mm characteristic length but a similar impact was not found at the 12.70 mm characteristic 
length. For the 25% adhesive sample a change in configuration had no impact on liberation. This 
suggests that configuration may have impact on liberation that is independent o f the characteristic 
length when chopping liberation occurs. The corollary of this is that characteristic length is not 
the only important parameter in predicting liberation for the chopping mechanism.
When comparing liberation for different geometries at the same characteristic length, it was 
suggested that liberation would begin at particle sizes that were as large as the thickest material 
layer in a samples rather than at particle sizes smaller than the characteristic length. A comparison 
of two different characteristic lengths for each o f the composite layer and coated sheet geometries 
showed that characteristic length may be important. However, a comparison of different sample 
configurations revealed differences in liberation degree despite having the same characteristic
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length and geometry. Characteristic length is not useful as a universal parameter for predicting the 
liberation obtainable for different geometries or for various sample configurations.
5.3.2.2. Adhesive Level
The impact o f changing the adhesive level was studied with 18 samples for both the 25% and 
100% adhesive levels. Table 5.16 shows a comparison o f the adhesive levels for both levels of 
comminution. The difference in liberation between the two adhesive levels is statistically 
significant for both comminution levels based on a 1% one tail t test. Increasing the adhesive 
level reduces the liberation by 44.3% and 27.5% for the first and second comminution 
respectively. This large change in liberation is the result o f  different liberation mechanisms for 
the two adhesive levels: the dividing mechanism for the 25% adhesive samples and the chopping 
mechanism for the 100% adhesive samples.







25% Adhesive 100% Adhesive Change
Avg Std Dev Avg Std Dev
First
Comminution 96.1% 3.0% 51.8% 22.6% -44.3% 8.03 0.17 0.0%
Second







There are three pieces o f evidence to confirm that the 25% adhesive sample undergoes liberation 
predominantly by dividing and the 100% adhesive sample undergoes predominantly chopping.
1. The liberation of materials in 25% adhesive samples by dividing was visually apparent as 
failure o f the joints between materials when the samples were comminuted in the
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granulator without an exit screen. The 100% samples demonstrated liberation by 
chopping since the bond between material was seen in small particles.
2. The liberation obtained for the 100% adhesive samples varied with changes in geometry 
and sample configuration but the 25% adhesive samples did not. Geometry and sample 
configuration is important for the chopping mechanism but not for the divding 
mechanism.
3. Comparing the 25% adhesive samples to the marker samples, which can really only 
undergo liberation through chopping, indicates that liberation occurs by both the dividing 
and chopping mechanism. Table 5.17 shows that for the 25% adhesive samples dividing 
helps increase the total liberation by 19.8% and 8.5% after the first and second 
comminution respectively. For the 100% adhesive sample, the variability in the liberation 
achieved makes it difficult to make conclusions about the extent o f liberation that might 
occur by dividing.







ABS & PVC Marker Change
Avg Std Dev Avg Std Dev
First
Comminution
25% Adhesive 96.1% 3.0% 76.3% 10.1% -19.8% 6.72 0.05 0.0%
100% Adhesive 51.8% 22.6% 31.6% 22.8% -20.2% 1.54 0.24 6.9%
Second
Comminution
25% Adhesive 98.0% 2.3% 89.6% 5.9% -8.5% 4.52 0.03 0.0%
100% Adhesive 70.5% 19.7% 59.8% 22.0% -10.7% 0.92 0.21 18.5%
Sample run 
number used
25% Adhesive 19,20,21,22,23,24 31,32,33,34
100% Adhesive 25,26,27,28,29,30 35,36,37,38
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5.3.2.3. Comminution
Two levels o f comminution were used to evaluate the effect of reducing particle size on 
liberation. The granulator was fitted with a 19.00 mm and 9.50 mm exit screen for the first and 
second comminution respectively. Table 5.18 shows a comparison of the liberation achieved for 
the two comminution levels for both levels of adhesion. Liberation increased by 19.7% with the 
increase in comminution level for the 100% adhesive samples. The effect of increased 
comminution on the 25% adhesive samples was negligible. This result is expected based on the 
liberation mechanisms for the two adhesion levels. Liberation depends on particle size for the 
chopping mechanism but not for the dividing mechanism.












Avg Std Dev Avg Std Dev
25% Adhesive 96.1% 3.0% 98.0% 2.3% 1.9% 2.14 0.03 2.0%









For the chopping mechanism it should be possible to predict the liberation as a function of 
particle size. Figure 5.16, Figure 5.17 and Figure 5.18 compares the actual liberation for the 
ABS/PVC 100% adhesive samples, the corresponding marker samples and the predicted 
liberation for the characteristic lengths 3.18 mm, 6.35 mm, and 12.70 mm respectively. The 
predicted liberation were consistently lower than the observed liberation for both
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geometries and for the ABS/PVC and marker samples. While this difference may in part be 
attributed to adhesion failure for the ABS/PVC samples, liberation in the marker samples can 
only be achieved through chopping. The predicted values are based on a calculation that uses 
characteristic length as a parameter and assumes that only one particle size is present. The 
shortcomings of characteristic length have been discussed previously but the effect o f a 
distribution of particle sizes requires further explanation.
The particle sizes for the samples is a distribution that includes sizes much smaller than the 
average particle size used for comparison purposes in Figure 5.16, Figure 5.17 and Figure 5.18. 
The smaller sized particles result in higher observed levels of liberation than predicted since 
liberation increases with decreasing particle size for the chopping mechanism. This size 
distribution effect is more pronounced after the first comminution. For this reason the charts show 








0 2 4 6 8 10
Particle Size x (mm)
 Predicted ■ Coated Sheet o Marker Coated Sheet
Figure 5.16 Predicted and Actual Liberation xc = 3.18 mm
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Figure 5.18 Predicted and Actual Liberation xc = 12.70 mm
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5.3.3. Liberation Summary
The dividing and chopping liberation mechanism were successfully simulated by the use of a 
variety of fastening methods. Riveted samples underwent liberation by the dividing mechanism 
only and therefore achieved the highest liberation o f any o f the fastening methods. The 25% 
adhesive samples achieved the next highest liberation and underwent liberation through a 
combination o f dividing and chopping. The 100% adhesive samples had the worst liberation 
performance and achieved liberation predominantly through the chopping mechanism. The 
liberation mechanism plays the most important role in determining the liberation performance of 
fastening methods. No examples o f the stripping mechanism were found.
Geometry is the second most significant factor in liberation although it is only important in 
liberation by chopping. For this reason the 100% adhesive samples demonstrated a large change 
in liberation with changes in geometry and configuration.
Degree of comminution is the third most important factor but only for samples undergoing the 
chopping mechanism. For this reason, the 100% adhesive samples demonstrated a large response 
to changes in comminution level. This does not mean that riveted and 25% adhesive samples are
not affected by comminution. The riveted samples achieve complete liberation after a small 
number of impacts in the granulator. The 25% adhesive samples are also largely liberated after 
the first comminution and can only improve marginally from increased comminution.
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6. CONCLUSIONS AND RECOMMENDATIONS
The goal o f this research was to improve the material recovery from automobiles by focusing on 
design factors affecting the liberation of thermoplastic materials. Liberation is commonly 
achieved in industry through a comminution process using a plastics granulator. Therefore, the 
research first focused on the comminution process by studying the factors affecting size 
distribution and the concepts of breakage and selection functions. With this understanding of 
comminution, design parameters and their interaction with liberation mechanisms were evaluated.
6.1. Particle Size
The average particle size and the particle size distribution are not affected by the material 
property difference between ABS and PVC, the difference between composite layer and coated 
sheet geometries, or the type fasteners used in assembling the samples. The degree of 
comminution, which is controlled by the opening in the granulator exit screen, is the only factor 
that has a significant impact on average particle size and the particle size distribution. The Gaudin 
particle size distribution provides a good fit to observed distributions but the Rosin-Rammler 
relationship does not provide a good fit.
6.2. Pi Breakage
The use of fractionated feed samples allows the selection function values and the distribution of 
comminution product particle size distributions to be determined. Using these relationships, the 
accurate prediction o f the product size distribution for a feed sample with a normal size 
distribution is possible. The breakage functions proposed in the literature (Broadbent-Callcott,
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Gaudin Meloy, and Bergstrom) do not apply to the comminution of plastic in a granulator with an 
exit screen. The comminution product size distribution is not a function of particle size as a 
fraction o f feed particle size or feed size. The comminution product distribution does however 
follow a Gaudin particle size distribution relationship.
Pi Breakage, which requires a constant selection function value, does not apply to the 
comminution of thermoplastics in a granulator fitted with an exit screen. The selection function is 
1 for feed particle sizes larger than the exit screen. For feed sizes smaller than the exit screen, the 
selection function increases with increasing particle size. The plastics granulator fitted with an 
exit screen selectively comminutes larger particle sizes.
6.3. Liberation
The dividing liberation mechanism achieves higher liberation levels than the chopping 
mechanism. The liberation mechanism is controlled by the fastening method used. The samples 
fastened with a rivet liberate by chopping and achieve the highest liberation levels. The 25% 
adhesive samples liberate predominantely by dividing but also some chopping and achieve the 
second highest level o f liberation. The lowest level of liberation is achieved by the 100% 
adhesive samples which liberate by the chopping mechanism. The fastener is the most important 
design parameter when designing for increased liberation.
Geometry, characteristic length and sample configuration has an impact on the liberation 
achieved when the chopping mechanism occurred and is the second most significant factor 
studied. Characteristic length is not useful in predicting the liberation achieved. The degree of 
comminution also has an impact on the liberation achieved when the chopping mechanism
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occurred and is the third most important factor studied. The difference in impact strength between 
ABS and PVC does not have an impact on liberation level or mechanism.
6.4. Contributions
This research has contributed to engineering knowledge through an improved understanding of Pi 
Breakage and liberation theory, which have been advocated for their applicability to waste 
processing and recovery. The Pi breakage theory was not found to be applicable to the 
comminution of thermoplastics in a granulator although the concepts o f a breakage function and a 
variable selection function were found to be useful in predicting the size distribution of 
comminution products for certain situations. The ability to predict the particle size distribution 
would be a useful tool if manufactured products could be designed to allow material recovery by 
size separation.
The contribution to knowledge o f liberation theory has been significant in three ways.
1. The understanding o f impediments to thermoplastic material recovery has been 
increased. This is significant because thermoplastics are large component of 
ASR. The disposal of ASR in landfills is a large and ongoing environmental 
concern.
2. This research has provided a worthwhile link between the liberation concepts and 
their practical application. Loehr and Melchiorre (1996) provided concepts but 
did not test their practical applications. Zhang and Forssberg (1999) measured 
liberation o f materials from electronic scrap without relating the results to what 
would be expected conceptually. By studying the liberation o f thermoplastics 
using carefully constructed samples in this research, a fundamental understanding
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o f the applicability of the liberation concepts was developed. As part of this 
understanding methods to measure liberation were developed and tested and the 
use of characteristic length as a parameter to predict liberation was evaluated. 
The next step is to examine and possibly design for the liberation of 
thermoplastics from commercial products.
3. Design heuristics or design-for environment recommendations have been 
developed. Products should be designed to promote liberation by dividing rather 
than chopping. This can be achieved through the selection o f point fasteners such 
as rivets. If a product is designed in such a way as to undergo chopping, 
consideration must be given to reduce the number o f material types because the 
difference in material properties between thermoplastic types is unlikely to 
promote liberation. These design recommendations provide the basis for 
improving the recovery of thermoplastics.
6.5. Recommendations
Table 6.1 shows a summary o f important findings from the research with the corresponding 
recommendation for further work and the implications on vehicle and recovery process design. 
The majority of the recommendations for future work involve testing commercially manufactured 
products. If the results o f the samples prepared in the laboratory hold for these additional samples 
several design for environment recommendations can be made.











Table 6.1 Recommended Future Work and Implications for Product Design
Research Findings Recommended Future Work Implications for Product or Recovery Process Design
Rivets achieve high levels 
of liberation through the 
dividing mechanism
1. Test other point source fastening methods such as 
screws, clips and heat stakes to determine if  the 
dividing mechanism occurs. Included should be 
samples from commercially manufactured products 
such as instrument panel clusters and dash board 
components.
Point source fastening methods should be used 
whenever possible.
2. Test other geometries to insure that the dividing 
mechanism occurs. Commercially manufactured 
products should be included.
Product shape, thickness, and configuration does not 
impact the liberation o f materials
100% adhesive samples 
undergo chopping and 
have relatively low 
liberation rates.
3. Test other high interfacial fastening methods such as 
painting and insert moulding to determine if the 
chopping mechanism occurs. Included should be 
samples from commercially manufactured products 
such as automotive fascias, wood grain trim 
appliques and gear shift knobs.
High interfacial area fastening methods such as 
painting welding, and insert moulding should be 
eliminated wherever possible.
4. Test other geometries to ensure that the chopping 
mechanism occurs. Commercially manufactured 
products should be included.
Product shape, thickness and configuration have a 
significant impact on the liberation achieved. 
Designing for material recovery must consider the 














Research Findings Recommended Future Work Implications for Product or Recovery Process Design
Material impact strength 
does not influence the 
liberation mechanism or 
the degree o f liberation 
that occurs.
5. Test a variety o f other combination of thermoplastic 
types to determine if the stripping mechanism can 
occur at all for an all plastic manufactured product.
Reduce the number of plastic types used because 
liberation does not vary with different plastics tested 
so far: material differences may not be unique in the 
recovery process.
6. Test a combination o f plastic with metal to 
determine the degree o f liberation and liberation 
mechanism.
Manufacture products using materials with a large 
difference in material properties such as plastic and 
metal.
Comminution has no 
impact on liberation 
achieved through dividing 
but does have a large 
influence on the chopping 
mechanism.
7. Test samples from commercially manufactured 
products to determine the impact o f comminution on 
liberation mechanism and degree.
Design products to preferentially liberate through 
dividing rather than chopping.
8. Test other less intense comminution methods on 
samples that undergo liberation by dividing.
Recyclers may use less intense comminution devices 
such as coarse shredders if  products are designed for 
chopping. Separation processes may be simplified if 
particle sizes are larger.
Average particle size and 
particle size distribution 
are not impacted by 
product design parameters, 
only the size of the 
openings in the granulator 
exit screen.
9. Test samples containing a wider variety of 
materials, geometries and fastening methods. 
Commercially manufactured products should be 
included.
Particle size o f comminuted material is completely 
controlled by selection o f the granulator exit screen. 
Variation in feed type will have no impact on product 
size.
10. Test other comminution methods to determine if 
changes to product design will cause variation in 
average particle size or distribution.
Recyclers may use other comminution methods to 
allow variations in particle size to increase material 













Research Findings Recommended Future Work Implications for Product or Recovery Process Design
Although Pi breakage with 
a constant selection 
function does not apply, 
the concepts of breakage 
and selection can be 
applied to successfully 
predict the particle size of 
comminution.
11. Investigate a variety of product design variation and 
comminution devices to find parameters that will 
make material separation by size possible. 
Commercially manufactured products should be 
included.
Designers could alter product design to allow the 
separation of material by size. Recyclers could select a 
comminution method suitable to a particular product 
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APPENDIX A: RAW DATA
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(mm) 1 2 3 4 5 6
19.00 0.0 0.0 0.0 0.0 0.0 0.0
12.50 1.6 4.3 4.7 3.6 0.0 1.7
9.50 5.9 11.7 10.2 16.0 17.0 9.0
8.00 5.9 7.7 8.3 6.1 6.2 5.2
4.75 24.4 41.5 30.8 25.7 28.4 29.2
3.35 3.4 4.4 4.4 6.8 8.2 4.7
2.36 1.5 1.3 1.1 2.4 3.4 1.9
1.70 0.9 0.5 0.3 0.8 1.7 0.7
1.18 0.4 0.3 0.3 0.5 0.6 0.2
0.85 0.2 0.2 0.2 0.2 0.2 0.1
0.00 0.2 0.2 0.2 0.3 0.1 0.1
19.00 0.0 0.0 0.0 0.0 0.0 0.0
12.50 0.0 0.0 0.0 0.0 0.0 0.0
9.50 0.8 0.5 0.7 0.4 0.0 0.0
8.00 0.0 0.5 0.5 0.0 0.0 0.5
4.75 25.4 42.7 30.4 24.4 41.0 38.0
3.35 16.9 30.1 28.5 27.8 31.4 29.3
2.36 7.2 12.0 11.1 13.9 10.5 10.2
1.70 2.1 3.5 2.9 4.7 3.6 3.6
1.18 0.9 1.6 1.4 1.4 1.4 1.8
0.85 0.3 0.6 0.6 0.6 0.5 0.8
0.00 0.2 0.4 0.5 0.4 0.3 0.7
7 8 9 10 11 12 13 14 15 16
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1.7 4.5 5.4 5.6 1.3 1.4 5.9 0.0 5.3 3.7
14.1 11.8 17.8 8.1 7.6 16.9 18.1 11.9 12.3 18.6
8.1 10.1 12.0 8.9 5.4 14.0 9.9 7.4 11.0 8.3
37.1 31.6 38.7 27.9 35.1 46.8 37.3 35.0 42.0 29.6
8.8 11.4 7.6 5.0 10.3 8.9 6.4 6.1 8.7 6.2
2.0 4.9 2.2 1.0 3.4 3.1 1.6 2.4 2.9 1.7
0.5 1.7 1.0 0.4 1.0 1.0 0.7 1.0 0.7 0.8
0.3 0.7 0.7 0.2 0.5 0.6 0.5 0.6 0.7 0.4
0.3 0.4 0.3 0.2 0.3 0.4 0.4 0.4 0.3 0.3
0.1 0.2 0.1 0.1 0.3 0.1 0.1 0.1 0.2 0.1
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.4 0.5 0.4 0.3 0.2 0.4 0.0 0.4 0.0
0.0 0.0 0.8 0.2 0.3 0.9 0.1 0.4 0.3 0.8
28.8 24.4 38.7 27.2 32.1 26.3 26.1 20.8 35.3 25.7
29.7 27.8 34.4 29.2 31.7 25.1 23.8 24.0 33.0 26.7
13.4 13.9 13.1 12.3 14.9 8.6 11.2 10.4 12.7 9.4
3.6 4.7 3.7 3.4 3.6 2.5 3.2 3.0 3.5 2.7
1.7 1.4 1.7 1.6 1.7 1.2 1.6 1.5 1.8 1.2
0.7 0.6 0.7 0.6 0.7 0.6 0.6 0.7 0.7 0.5












Mass Distribution Data continued











(mm) 17 18 19A 19B 19C 20A
19.00 0.0 0.0 0.0 0.0 0.0 0.0
12.50 5.1 4.1 7.1 5.6 3.3 6.7
9.50 14.5 6.4 11.4 12.1 11.7 11.8
8.00 9.6 15.4 12.6 5.7 11.2 11.0
4.75 37.0 38.8 33.9 29.8 36.6 33.0
3.35 9.9 7.7 8.2 7.0 6.1 6.4
2.36 3.6 2.9 3.1 2.8 2.2 2.3
1.70 1.2 1.0 1.2 0.6 1.1 1.1
1.18 0.6 0.6 0.6 0.4 0.6 0.4
0.85 0.3 0.3 0.4 0.1 0.3 0.3
0.00 0.1 0.2 0.2 0.1 0.1 0.2
19.00 0.0 0.0 0.0 0.0 0.0 0.0
12.50 0.0 0.0 0.0 0.0 0.0 0.0
9.50 0.0 0.2 0.8 0.8 0.6 1.1
8.00 0.5 0.0 0.7 0.8 0.0 0.5
4.75 14.7 21.0 31.5 25.8 33.4 34.4
3.35 16.9 23.2 24.9 23.4 29.1 27.6
2.36 8.4 9.8 12.0 10.5 12.7 10.6
1.70 2.7 2.9 2.5 2.7 3.4 3.5
1.18 1.1 1.2 1.2 1.3 1.3 1.2
0.85 0.6 0.5 0.5 0.5 0.6 0.4
0.00 0.1 0.1 0.2 0.3 0.2 0.1
20B 20C 21A 21B 21C 22A 22B 22C 23A 23 B
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6.3 3.1 6.3 4.5 4.1 6.0 0.0 4.2 10.4 6.8
6.8 15.0 12.2 16.3 15.7 15.1 13.7 13.8 14.4 10.3
5.3 14.0 6.3 7.0 14.0 11.2 8.4 9.2 9.7 8.1
36.1 33.4 31.8 29.1 30.8 26.7 28.1 33.0 32.9 32.7
8.3 10.2 4.5 6.7 7.0 5.8 5.3 4.9 6.7 9.5
2.8 3.4 2.3 2.6 2.8 2.4 1.7 2.0 4.1 3.2
1.5 1.4 1.0 1.3 0.9 1.0 1.1 0.8 1.3 1.3
0.6 0.9 0.4 0.7 0.5 0.4 0.5 0.5 0.6 0.5
0.3 0.5 0.2 0.3 0.4 0.2 0.3 0.3 0.3 0.5
0.3 0.6 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.3
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.2 0.3 0.3 0.3 0.0 0.0 0.0 0.0 0.4 0.8
0.0 0.3 0.1 0.4 0.6 0.3 0.0 0.3 0.4 1.5
29.4 31.9 26.6 31.9 26.9 28.4 25.2 29.9 16.7 26.7
27.8 29.5 20.2 23.1 21.8 23.6 21.1 24.9 21.0 30.1
11.3 12.1 9.0 10.0 10.0 9.7 8.6 10.4 9.6 18.0
4.2 4.0 3.2 3.7 2.7 3.2 2.7 2.9 2.9 5.3
1.5 1.6 1.4 1.6 1.2 1.6 1.3 1.3 0.9 2.1
0.6 0.7 0.6 0.9 0.5 0.8 0.6 0.4 0.2 0.8












Mass Distribution Data continued









(mm) 23C 24A 24B 24C 25A 25B
19.00 0.0 0.0 0.0 0.0 0.0 0.0
12.50 3.0 6.8 2.1 5.7 10.3 8.6
9.50 9.6 16.5 15.9 11.6 12.5 10.1
8.00 5.2 11.1 8.5 10.4 7.5 10.7
4.75 20.5 33.8 26.2 29.2 33.4 28.4
3.35 5.7 6.3 5.9 6.3 8.9 6.1
2.36 1.9 2.6 2.1 2.6 2.9 2.9
1.70 0.9 1.1 1.0 1.0 1.3 1.3
1.18 0.4 0.6 0.5 0.6 0.5 0.7
0.85 0.2 0.5 0.2 0.4 0.2 0.3
0.00 0.1 0.2 0.1 0.2 0.1 0.1
19.00 0.0 0.0 0.0 0.0 0.0 0.0
12.50 0.0 0.0 0.0 0.0 0.0 0.0
9.50 0.5 0.3 0.3 1.1 0.8 0.6
8.00 0.5 0.6 0.0 0.6 0.0 0.1
4.75 21.4 23.2 18.8 31.9 31.6 24.3
3.35 24.4 17.6 19.8 24.0 27.0 21.7
2.36 14.0 11.1 9.7 12.1 13.1 10.2
1.70 4.3 4.0 4.0 4.0 4.3 3.0
1.18 1.4 1.4 1.3 1.6 1.9 1.2
0.85 0.5 0.6 0.4 0.7 0.7 0.5
0.00 0.3 0.3 0.2 0.4 0.3 0.1
25C 26A 26B 26C 27A 27B 27C 28A 28B 28C
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4.9 6.4 5.8 5.7 2.2 4.8 4.7 9.0 8.0 6.6
13.6 10.2 23.9 15.3 10.1 15.3 8.3 14.0 9.8 8.1
5.8 5.9 7.1 11.6 9.5 11.6 5.5 6.4 5.6 6.7
23.0 37.9 32.1 29.9 26.4 24.2 22.1 26.3 24.2 22.0
5.8 7.6 7.7 4.9 4.7 5.4 4.7 4.9 5.9 3.8
2.8 3.6 3.5 1.8 1.9 2.4 2.0 2.2 2.6 1.8
1.2 1.4 1.2 1.0 1.0 1.3 0.8 1.1 0.9 1.1
0.6 0.7 0.6 0.3 0.4 0.6 0.4 0.5 0.4 0.7
0.4 0.5 0.2 0.2 0.3 0.6 0.3 0.3 0.4 0.6
0.2 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.2 0.3
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.2 0.5 1.1 0.1 0.0 1.2 0.0 0.8 0.4
0.1 0.8 0.0 0.0 0.5 0.4 0.0 0.2 0.9 0.8
24.7 31.7 32.5 23.8 30.2 28.1 26.2 27.8 29.0 23.3
23.7 29.6 27.7 25.3 22.5 22.7 21.5 23.0 24.1 19.6
10.3 13.2 12.5 11.5 11.0 10.7 8.9 9.2 12.0 8.4
3.9 4.3 4.3 4.1 3.4 3.5 3.1 3.3 3.4 2.6
1.9 2.1 1.6 1.7 1.5 1.5 1.3 1.5 1.6 1.1
0.7 0.8 0.6 0.6 0.5 0.5 0.4 0.6 0.7 0.7
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(mm) 29A 29B 29C 30A 3 0B
19.00 0.0 0.0 0.0 0.0 0.0
12.50 5.7 10.1 10.1 2.6 3.8
9.50 16.2 19.4 16.1 12.6 16.8
8.00 8.7 9.9 4.3 5.1 5.0
4.75 26.2 26.8 18.0 23.1 29.8
3.35 5.3 7.0 5.2 5.7 6.4
2.36 2.6 3.1 2.1 2.5 3.1
1.70 1.2 1.2 1.0 1.1 1.4
1.18 0.6 0.7 0.5 0.5 0.8
0.85 0.3 0.4 0.1 0.4 0.5
0.00 0.1 0.2 0.1 0.1 0.2
19.00 0.0 0.0 0.0 0.0 0.0
12.50 0.0 0.0 0.0 0.0 0.0
9.50 1.0 0.4 1.6 0.0 1.0
8.00 0.8 0.1 0.3 0.5 0.6
4.75 24.5 26.4 18.2 24.3 24.6
3.35 25.3 25.6 20.9 21.4 18.8
2.36 14.2 15.1 11.9 9.9 10.9
1.70 4.9 4.4 4.3 3.4 3.3
1.18 1.8 1.7 1.7 1.3 1.4
0.85 0.8 0.7 0.6 0.4 0.4
0.00 0.4 0.2 0.2 0.2 0.2
30C 31 32 33 34 35 36 37 38
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
9.1 5.8 6.8 7.8 5.7 5.7 4.0 4.2 3.6
13.0 10.3 16.8 8.1 11.4 15.3 11.1 12.8 18.0
7.4 4.2 9.4 4.8 7.5 11.6 6.9 6.6 9.0
36.9 24.7 21.7 20.7 31.8 29.9 24.3 24.6 20.4
7.3 3.2 4.6 3.1 5.1 4.9 4.3 3.9 5.1
3.4 1.3 1.8 1.4 2.7 1.8 2.0 1.3 2.3
1.2 0.8 0.9 0.8 0.9 1.0 0.8 0.7 0.9
0.8 0.5 0.5 0.5 0.4 0.3 0.5 0.4 0.4
0.4 0.4 0.3 0.4 0.4 0.2 0.4 0.3 0.3
0.2 0.2 0.1 0.1 0.2 0.1 0.3 0.1 0.1
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.9 0.7 0.3 0.0 0.0 0.5 0.8 0.1 0.0
0.4 0.5 0.1 0.0 0.2 0.8 0.1 0.6 0.1
40.3 31.2 28.3 25.6 25.7 20.8 31.3 32.5 28.0
30.1 20.8 22.5 16.2 17.9 18.8 22.6 23.7 19.8
16.5 9.7 9.1 8.2 10.0 8.7 10.4 10.7 10.2
4.9 3.0 3.3 2.4 3.3 3.4 3.5 3.6 3.6
2.1 1.2 1.2 1.0 1.5 1.6 1.4 1.5 1.6
0.8 0.5 0.8 0.4 0.6 0.6 0.6 0.6 0.6












Phase 1 Liberation Data












9.50 12.8 0.0 15.2 0.0
4.75 65.8 0.0 51.3 3.7
2.36 11.0 0.0 11.7 0.2
9.50 30.3 0.0 0.2 0.0
4.75 33.6 0.0 33.5 0.1




















Phase 2 Liberation Data
Mass Retained on Sieve (g)
Sam ple—> 19A 19B
Sieve ABS PVC Joined ABS PVC 
Size 
(mm)
12.50 2.8 2.4 1.8 3.4 1.5
9.50 8.1 2.0 0.9 6.6 4.3
8.00 4.0 7.8 0.4 1.9 3.0
4.75 12.7 19.6 1.6 10.3 18.5
3.35 2.0 6.0 0.0 2.0 5.2
2.36 0.4 2.1 0.0 1.2 2.0
12.50
9.50 0.2 0.0 0.4 0.2 0.8
8.00 0.2 0.5 0.0 0.8 0.2
4.75 13.3 17.0 0.7 11.0 14.0
3.35 10.3 14.2 0.1 8.0 14.6
2.36 4.2 7.4 0.0 4.3 6.1
19C 20 A 20B
Joined ABS PVC Joined ABS PVC Joined ABS PVC Joined
0.3 0.5 2.2 0.7 1.9 3.7 1.3 0.3 5.9 0.0
1.1 7.3 3.8 0.6 3.9 7.8 0.3 1.6 4.3 1.0
0.5 4.1 7.3 0.0 1.6 9.4 0.0 1.6 3.5 0.3
0.9 14.2 20.6 1.8 5.0 26.8 1.4 5.4 29.6 1.5
0.1 2.9 3.5 0.1 1.4 3.7 0.4 1.6 6.6 0.2
0.1 0.8 1.7 0.1 0.3 2.0 0.1 0.5 1.4 0.0
0.0 0.1 0.6 0.6 0.0 0.8 0.0 0.2 0.0 0.0
0.0 0.0 0.0 0.0 0.3 0.2 0.0 0.0 0.0 0.0
0.4 15.0 17.9 1.8 5.2 28.7 0.4 4.9 24.0 0.3
0.6 12.7 16.2 0.1 4.6 22.1 0.6 5.8 21.6 0.5












Phase 2 Liberation Data continued
Mass Retained on Sieve (g)
Sample —> 20C 21A
Sieve ABS PVC Joined ABS PVC
Size
(mm)
12.50 0.6 0.0 2.4 4.0 2.3
|  9.50 3.1 11.2 1.1 6.1 3.4
|  8.00 3.2 9.8 0.4 3.0 3.6
|  4.75 4.3 27.4 0.5 10.8 20.2
£  3.35 1.4 8.7 0.1 1.4 3.4
2.36 0.5 2.7 0.2 0.8 1.8
12.50
9.50 0.0 0.2 0.0 0.4 0.0
8.00 0.0 0.3 0.0 0.2 0.0
4.75 5.5 24.8 1.6 11.0 15.4
3.35 5.1 24.1 0.7 8.1 12.0
2.36 2.9 9.2 0.3 4.0 5.3
21B
Joined ABS PVC Joined ABS
0.0 1.2 3.9 0.0 2.1
1.9 5.8 10.4 0.0 6.5
0.0 3.0 4.1 0.0 5.5
0.3 10.7 18.0 0.0 11.3
0.0 1.9 4.4 0.3 1.5
0.0 0.8 1.6 0.0 0.8
0.0 0.0 0.2 0.0 0.0
0.0 0.1 0.2 0.0 0.3
0.1 13.2 18.5 0.0 11.7
0.0 8.4 14.6 0.0 8.1
0.0 4.3 5.5 0.0 3.8
21C 22A
PVC Joined ABS PVC Joined
1.9 0.0 4.2 1.8 0.0
8.7 0.0 12.7 2.4 0.0
8.5 0.0 7.1 4.2 0.0
19.2 0.0 18.7 7.6 0.0
4.7 0.0 3.1 2.6 0.3
1.8 0.0 1.5 0.8 0.0
0.0 0.0 0.0 0.0 0.0
0.1 0.0 0.3 0.0 0.0
14.9 0.0 19.6 8.2 0.0
13.3 0.0 13.9 9.3 0.0












Phase 2 Liberation Data continued









12.50 0.0 0.0 0.0 2.4 1.7
G
O'-4—* 9.50 9.8 4.0 0.0 10.7 3.1
3
G 8.00 5.0 3.7 0.0 6.3 3.0
E
B 4.75 19.7 8.5 0.0 20.5 12.6o
O 3.35 3.5 2.3 0.0 3.0 1.6
2.36 1.4 0.7 0.0 1.2 0.8
e_o
12.50
9.50 0.0 0.0 0.0 0.0 0.0
3
e 8.00 0.0 0.0 0.0 0.2 0.2
E
B 4.75 18.5 6.7 0.0 20.9 8.9o
O 3.35 14.2 6.8 0.0 15.7 9.3
2.36 5.3 3.2 0.0 6.6 3.4
23A
Joined ABS PVC Joined ABS
0.0 1.8 5.5 3.0 3.9
0.0 6.8 6.0 1.5 4.0
0.0 2.7 7.0 0.4 3.8
0.0 13.9 16.4 2.6 12.2
0.1 1.9 4.6 0.4 3.1
0.0 0.6 3.3 0.2 0.9
0.0 0.3 0.0 0.0 0.0
0.0 0.1 0.3 0.0 0.4
0.0 7.5 7.5 0.9 12.0
0.0 7.9 12.4 0.7 10.6
0.0 3.1 6.4 0.2 5.6
23B 23C
PVC Joined ABS PVC Joined
3.0 0.0 1.6 0.8 0.5
5.8 0.6 5.4 3.4 0.9
3.3 1.4 1.9 3.1 0.7
17.7 2.1 8.8 9.9 1.5
5.8 0.5 1.8 3.9 0.0
2.7 0.2 0.5 1.5 0.0
0.8 0.0 0.0 0.4 0.2
0.3 0.9 0.2 0.2 0.0
12.7 2.4 9.6 10.3 1.4
17.2 2.5 11.2 12.2 1.1












Phase 2 Liberation Data continued
Mass Retained on Sieve (g)












ABS PVC Joined ABS PVC
12.50 3.9 2.6 0.0 0.8 1.1
9.50 14.3 1.5 0.3 11.6 3.1
8.00 7.5 3.7 0.0 5.5 3.0
4.75 24.7 8.3 0.9 19.8 6.5
3.35 4.5 2.1 0.3 3.0 2.4
2.36 1.2 1.5 0.0 0.9 1.3
12.50
9.50 0.0 0.3 0.0 0.1 0.0
8.00 0.2 0.3 0.0 0.0 0.0
4.75 16.1 7.2 0.0 14.4 4.2
3.35 11.1 6.1 0.2 12.9 6.5
2.36 6.0 5.1 0.0 5.8 4.0
24C
Joined ABS PVC Joined ABS
0.0 3.9 0.2 1.3 0.0
1.2 8.4 2.9 0.0 1.6
0.0 7.4 1.8 0.9 0.4
0.4 19.0 9.0 1.0 4.0
0.1 3.2 2.9 0.1 1.9
0.0 1.6 0.9 0.0 0.7
0.0 1.1 0.0 0.0 0.0
0.0 0.4 0.1 0.0 0.0
0.2 25.1 6.1 0.8 6.8
0.4 16.1 7.5 0.4 7.2





1.0 9.0 1.5 0.5 6.6
1.2 9.8 1.8 1.3 7.2
0.3 6.9 1.1 0.7 9.0
6.7 22.7 3.9 7.0 17.5
4.9 2.0 1.2 3.3 1.5
1.9 0.5 0.8 1.8 0.3
0.0 0.8 0.0 0.0 0.4
0.0 0.0 0.2 0.0 0.0
6.2 19.1 5.9 8.5 9.7
10.2 9.2 5.3 9.8 6.7











Phase 2 Liberation Data continued















12.50 0.4 0.2 4.5 0.2 0.3 5.5 0.0 1.7 3.7 0.0 0.0 3.0 0.3 0.6 1.4
c
.2 9.50 0.3 1.9 11.0 0.1 0.9 9.0 0.1 4.7 19.4 0.0 2.3 6.5 2.4 4.3 3.8
=3C 8.00 0.0 0.5 5.0 0.0 1.1 4.9 0.0 1.6 5.7 0.2 1.2 6.8 3.4 4.7 1.9
s
s 4.75 2.8 5.7 14.8 1.3 17.8 19.0 1.4 16.5 14.2 0.2 16.5 15.0 7.0 14.6 5.0
o
U 3.35 1.2 2.8 1.5 0.2 5.7 1.5 0.7 5.8 1.3 0.3 5.2 1.1 1.1 3.3 0.2
2.36 1.0 1.6 0.3 0.6 2.8 0.4 0.8 2.5 0.4 0.6 2.4 0.7 0.9 1.6 0.4
CO
12.50
9.50 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.3 0.0 0.0 1.1 0.0 0.0 0.2
EC 8.00 0.1 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0
E
g 4.75 5.0 5.7 13.6 1.1 13.7 17.2 1.2 18.6 12.6 0.2 13.0 10.3 10.9 16.3 2.6
o
o 3.35 5.9 9.0 8.2 1.4 16.9 11.3 1.5 16.5 9.3 0.8 15.9 8.3 8.3 13.2 1.1












Phase 2 Liberation Data continued
Mass Retained on Sieve (g)
Sample —> 27B 27C
Sieve ABS PVC Joined ABS PVC 
Size 
(mm)
12.50 0.6 0.9 2.9 2.2 1.4
9.50 0.0 7.5 8.0 2.3 3.6
8.00 3.1 6.1 2.2 1.4 2.0
4.75 6.5 13.3 4.4 5.4 13.3
3.35 1.3 3.8 0.6 1.7 3.1
2.36 0.6 1.4 0.3 0.7 1.0
12.50
9.50 0.0 0.0 0.0 0.6 0.0
8.00 0.4 0.0 0.0 0.1 0.1
4.75 11.9 13.6 2.5 10.2 14.1
3.35 8.2 13.0 1.4 7.4 12.7
2.36 3.4 6.0 0.9 3.6 3.7
28A
Joined ABS PVC Joined ABS
1.1 5.9 2.4 1.0 5.6
2.6 6.9 4.4 2.8 4.9
2.2 4.3 1.7 0.7 2.8
4.0 16.8 6.8 3.1 13.3
0.2 3.3 1.7 0.2 2.0
0.2 1.5 1.0 0.2 1.1
0.3 0.2 0.0 0.0 0.0
0.0 18.1 8.7 1.2 0.6
2.4 13.8 8.2 0.8 18.1
1.4 6.1 2.9 0.2 13.9





0.9 1.1 1.6 0.7 4.2
1.7 3.0 4.8 0.3 2.9
0.4 2.4 3.5 0.4 2.7
4.0 6.9 14.0 3.6 4.6
2.4 0.9 1.9 1.6 0.5
1.4 0.3 1.0 0.3 0.1
0.0 0.8 0.3 0.0 0.2
0.0 0.2 0.8 0.0 0.0
6.0 4.6 16.1 3.5 3.2
7.8 2.4 10.7 5.7 2.6












Phase 2 Liberation Data continued
Mass Retained on Sieve (g)
Sample —> 29A 29B
Sieve ABS PVC Joined ABS PVC
Size
(mm)
12.50 0.0 0.3 5.4 0.2 0.4
.1 9.50 0.0 0.8 15.7 0.4 1.0
J  8.00 0.0 1.1 7.9 0.0 0.8
1 475 1.2 4.7 20.5 1.5 3.4
£  3.35 1.0 2.4 2.7 0.5 2.4
2.36 0.7 1.7 0.9 0.1 1.8
12.50
9.50 0.1 0.1 1.2 0.0 0.0
8.00 0.0 0.0 0.8 0.1 0.0
4.75 1.7 3.0 19.9 3.2 2.5
3.35 3.9 8.5 13.4 5.2 6.2
2.36 2.6 7.0 5.5 3.4 6.9
29C 30A 3OB
Joined ABS PVC Joined ABS PVC Joined ABS PVC Joined
9.5 0.0 0.1 9.4 0.2 0.4 2.3 1.0 0.3 2.4
18.0 0.0 0.8 15.1 6.1 1.7 5.4 4.4 1.5 10.1
8.9 0.4 0.4 3.2 4.2 0.6 0.7 1.4 0.0 3.4
21.6 1.8 2.5 14.1 13.8 4.3 5.4 15.4 4.1 9.8
3.7 0.7 2.3 3.0 3.0 2.2 0.9 3.9 2.2 1.0
0.8 0.3 0.9 0.6 1.0 1.1 0.4 1.2 1.3 0.9
0.5 0.0 0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.9
0.0 0.0 0.1 0.3 0.2 0.0 0.2 0.0 0.3 0.3
20.4 1.6 2.5 13.9 16.5 4.5 3.3 15.3 3.4 5.5
14.3 3.6 5.1 11.9 12.8 5.6 2.9 10.4 4.6 3.8












Phase 2 Liberation Data continued
Mass Retained on Sieve (g)
Sample —> 30C
Sieve ABS PVC Joined 
Size 
(mm)
12.50 1.8 1.3 6.2
9.50 2.7 0.7 9.7
8.00 3.1 1.1 2.7
4.75 17.5 3.9 15.2
3.35 2.1 2.8 2.4
2.36 1.3 1.2 0.5
12.50
9.50 0.5 0.0 0.2
8.00 0.2 0.0 0.2
4.75 24.2 4.2 11.5
3.35 15.4 5.2 7.1












Phase 2 Liberation Data Marker Samples










Clear Marked Clear Marki
12.50 3.5 2.1 6.3 0.6
9.50 7.5 2.9 14.2 2.8
8.00 3.3 0.9 8.0 1.8
4.75 21.5 3.2 18.0 4.0
3.35 2.5 0.7 4.4 0.4
2.36 1.1 0.2 2.0 0.2
12.50
9.50 0.7 0.0 0.4 0.0
8.00 0.6 0.0 0.1 0.0
4.75 28.1 3.4 26.9 1.6
3.35 18.2 2.6 21.3 0.8
2.36 9.3 0.6 8.8 0.3
33 34
Clear Marked Clear Marked
4.6 3.2 3.8 1.9
5.7 2.2 7.0 4.6
3.4 1.7 6.1 1.7
11.6 9.5 27.5 4.2
2.1 1.0 4.4 0.5
1.4 0.4 2.4 0.3
0.0 0.0 0.0 0.0
0.0 0.0 0.3 0.0
20.0 5.6 23.6 2.1
13.5 2.7 15.9 1.7












Phase 2 Liberation Data Marker Samples continued
Mass Retained on Sieve (g)
Sample — > 35 36 37 38
GO%-> 
-4-> 2c/3 ehi • •-






Clear Marked Clear Marked Clear Marked Clear Marked
12.50 0.5 4.9 0.7 4.3 0 4.1 0.0 3.5
9.50 2.1 13.0 6.0 4.7 0 12.8 6.6 11.5
8.00 1.2 9.9 3.7 3.6 0 6.8 1.6 7.4
4.75 10.9 19.0 16.3 6.4 0.9 24.1 9.2 11.3
3.35 2.3 2.7 2.7 1.4 0.8 3.1 2.9 2.4
2.36 0.8 0.7 0.7 0.6 0.5 1.3 1.6 1.0
12.50
9.50 0.0 0.4 0.0 0.7 0 0.2 0 0
8.00 0.4 0.4 0.1 0.0 0.1 0.4 0.0 0.2
4.75 11.5 9.3 26.7 4.5 7.6 24.9 16.9 11.1
3.35 12.8 6.1 18.4 4.0 8.3 15.1 13.6 6.5
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s© s© ŝ O s© s>? X® N® S®© \ ©S ©S ©N ©S ©S ©S. ©s© o c N r - N O  — o ^ f
© © X- X- —< 
©  ©  NO CN
x® s o  




h  0 0  O N
i n  o o  c n
O n N "
CO 







i n  o o
NO
SO so s® © \ © \  © \  
©  CN NO
© ^  00 
©  ON NO
so s® 
© \ © s
OO NO 
o o
i n  i—<
s© s® s® © \ ©\ ©\
tN  O n n o  
NO (N  —
so s® 
©S ©N





ON NO CO 
r -  O n CN 
' ON ^
i n  c o  
c n  ^
CO ^
0 0  0 0  CN
i—i n  c n
NO ©  
NO
SO so s® © \ © \  © \
©  ( N  N -
©© c n  n  o n  r^*
X* N® © \  © \
r -  r -
rJ O 
NO —
SO sO sO 
© \ © \  © \  
i n  c n
d  —  —H
sO sO 
© \ © \  
r -  c o
©  ©
x- ©





i n  o o  n o  
CN CN
0 0  NO ^  © O sCN NO O s  NO
CN so sO s®
© \ o x  o x
©  ©  OO
©  r-*© On r-
SO s® 
©s ©N




© \ ©N © \
in  r-* ©
CO ' '~~l




— 1 i/N CN
o  r -  o
^  O n ^





NO 0 0  
NO
sO \0  S.O s.® s'v \?  sp \U N®
©\ ©X ©N ©S ©S ©S ©S ©s ©S ©s
© r t ^ O O O C N O O O O O U O
O N O c o d l ' ^ r i - d d  




*—1 ^  i n  
c o  O s i n  
O s  0 0
^  i n  c n  
ON 
CN
NO ©  




O s  CN
© ©
i n  ©
n  n  n o  o  o o  n  
t • CO CO t • o o
ON 0 0  CO (N CN l uo i  ^
, s  ^  rr s- t-
>  > , o , o<-M *4-i I  s
CN > >
X UBl[J J9[IBUIS UOJPBJ j  SSBJ/iJ - \ UiptlBQ .13 [ IU UIB"y - UI s oy
uoijnuiuiuio^ jsjij




© \ o x  o N  o N
©  c n  ©
©© ON CN cn  r -  so
sO \,o so \«  so \o
©\ q\  q\  qN q\  oS
—# CN ON Os c n  CN
so ~  © © ©
O s c n  i n  o o
VO OO ON <N
CN On ^  ^
c n  cn  





\  \  \  \  0 s  o x  o x  o x
©  ©  i n  i n
^  so ©  o  r -  so
\0  \W \«  \U \«  sO
©V ©N oN ©'' O'- oN
\ f  ©  ©  i n  o o  n
cn  —  ©  ©





i n  o n
t >  ©  
n f
r*- on  so 
c n  c n  
oo
so Os
~ \ \  \  \© \ © \ 0 s  o x
©  r -  N- ^
©© so soOn 00  vo
vO vO so vO so \0
g \  oN q\  ©N q \
^  i n  ^  v o  c n
VO NO CN ^  ©  ©







cn m  m  
cn c n  cn
© °°©
so r~-
SO sO s« sw
© \ ©N © \ ©N
©  oo ^  cn
©© c n  ©  on r -
vO sO \ 0  \ 0  \ 0  vO
g \ ©S q\  qS ©N q\
(N —; 04 <jn
cd <n  — o  ©
on m  r^- cn  




>n (N  (N




so \  \  X \© \ oN Ox  Ox© r- © —
©© oo so O  so i n
sO \B \W SO \0  ŜO
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O ' o '- o '  o '- o '1
r -  NO NO On ON
no in  ©  t 
r ,-~ no  cn
X© s© s© s© 
©x  ©x  ©x  ©x  
NO OO r j -




s ^ ©  > s ©  s ^ ©  X © 1 s ^ ©  S ^ ©
0 's o '  o ' '  o '  o '  o '
©  p  CN p  p  ©
o  on no 00 
o  00  no  n  - h
s© sO s© -s© ©x ©x ©x Ox
p  CN p  p





o  o  n  © in in  no  o  00 i nr-- c n  c n  t"- — o©
O ' 00  cn  c n  ^







O n ^  
d  <N
in  p  c n  





n  00 0  
00  On O
d  °)  r r  
S  d  ^
nin
CN
c n  
cn d
ON OO »-H
c n  on  no  
on  in 
d  CN
^ n  NO IN
d  din  <—
NOn
CN ON
00 NO 00 
ON On —  
ON ^
in  p  p
c n  d  
cn
ON NO N  ON 
IN ON p
(N O on r--












o  un r -
CN ON ^
’ ON ON
n  p  r -
d




c n  t '  no  
on  o  
ON O n
in  p  in 
c n  d
p  ^
CN
CN c n  On 
c n  On cn
d  °) ^  
—  o
in  CN p
d
CN ^
CN NO NO 
c n  on ^  
d  ON ^
in  p  c-"
d







NO T t  
00
r - ^  00 
O  CN 00
NO p  
NO
in  cn  
^  in 
00
o no  c n  
00
n  in in
r< ®0
NO p  
00
r -  CN CN 
—  c n  cn  
^  00
NO
1 NO 00 
(N —  ^
d  ^
O













0 0  NO CNun 'n- ^  00
no  n  
00
un  c n  00 






uoijnuiuiui0 3  )SJ| j




> C  s s O  s O  s O  \ 0  \ 0  x ®  \ 0  x ®
© X  q \  Q S  0 s  0 s  0 s  0 s  o 'p C N S q O p r - H C N j S O O O c n
d d c N d d d d  —  d d  
O  00  SO i n  ^
s o  o o  O' cn 




• n  a  
o  d
CN OO 
—  O  CN







x O s O s O n O n O n O n O s O s O s o  
o '  O '  O '  o '  o '  O '  O '  o '  O '  O '
o m c n c n ^ C N c n i n s q —h 
d  d  r-  ̂ d  d  d  cn '— d d
O  Os s o  i n  —
oo CN o s  O  
CN 00  Os 00




so O  m  
00  CN
r--










xO xO \0  X® X® \® X® \0
o ' -  o '  o '  o '  o '  o '  o '  o '
SO SO '—1 C"- CN —  t~-~ SO
r~- ^  
oo c--
s o  oo irs cn
—  o© ^  in
OO h  Q \ ic i
;  * Cs in
—  d
m  SO l/S
d  CN 
CN








xO 'x \® 'x 'x 'x 'x 'x 'x
o '  o '  O '  o '  O '  o '  o '  o '  O '
o c N c n r - - o s o o c n r - - o
o
o
s o  O' o s  r*- c-- m  
00 s o  in  *—
CN O
OO 'xf CN
00 o s  o s
■ Os 00
VS O'
OS d  
CN —
m  r -  
^  ucs
^  oo




xO X® X® \W \W
o '  o '  o '  o '  o '
O  —# »rs s o  O
d  sd  d  d  d
O  00 SO i n  ^
\  \  \  ' xo '  © '  o '  © '
i n  —; p  s o
d  d  d  d
r-- s o  oo  irs <—









^  n f  Cn 
^  (N r ,







'O xO 'O so






' ?  
o '
p
cn  cn d  
r -  s o  ^
\  \  \  \  o ' o ' © ' o '
p  cn  sq  c©
d  d  —  d
cn  oo —  
cn un o s  cn
CN O o s CN
m  CN OS
sd  d
s o  s o  
r-H cn  cn  
^  0C





xO x® x® x® x©
o ' o ' o ' o ' O '
o  oo  r-- cn  oo
CN OS CN VS 
Os SO m  ^
' © ' © ' © ' ©  
o ' o ' o ' o '
r-H CN 
d  d  CN —
Os Os h  Os 
Os m  o s  o s  
OS so
d  ^
VS CN O  
d  CN
^  —H
in — n- 
—  r -  cn  
o  o










o ' o '
« rn  
s d  oo  
o s  r--
\ °  'O  




\  \  \  \o ' o ' © ' © '
un cn p  c -̂
sd  d  ^  o








CN r -  CN
d  <> 
o









' ? N° o '  O'
O) p  
d  d
o s  r -
SO X®
o '  o '  © p
d  dITS '
\  \  \  \  o '  © '  © '  © '
oo cn  o© 





Os O  
Os Os
i n  s o  cn
d  r -  
—
h  o o  i n  
—  N  <n ^  r-






o '  o '  
Os O) 
CN d
o s  so
X© X®
o '  O'
CN CN 
i n  sd  
un ^
\  \  \  \o '  © '  © '  © '00 0  -  t
sd  <N d  d
—  s o  i n  in  
in  cn  Os —  
ci o  ^  ^










o  o  
in  o
m  in  s o  O  oo  in
h  cn  cn  h  ^  oo
Os oo  n f cn  CN
T—  CN > >
£  d
£  d
S-H $ -1to .O <+-( 2  tL‘
(N>




Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
no
cn
s0 n0 n0 n© s 0 n0 n© n0 s© N0
q \  0 \  q \  q \  © \  o N  O x  O '  O '  O '
9 r" ; rf i ^ r i r ) ^ (N. o r i r i o ' » r i ^ f o r i  o  Cn t"-- m —
^  r- vo 
©  cn on cn




00  on oo
-̂H ON CN




S© \0  \0  \0  \0  \W \Q \w s® \0
O ' .  o '  © N  0 s  o '  o '  0s  o '  o '  o 'o o r n o r ^ o o r n o o ' ^ t —- 
o  —  o ^ r  —  ^ - ( N o o o  
o  on r-* i n  ^
cn on r -  
m  r -  on o
<N ©  S i
i/l O  (N 
cn  ^
h'  x  in 
-h  r -  cn  
^  r -
no cn  
NO
cn






s O  \ 0  s O  s U  s ~  \ ®  \ U
© S  o ' ,  o '  o '  o '  O '  o '
oo c-*- o  On in  On cn
CN ^  CN —  o  ©
\Q  —,
cn  00  CN On
CN ‘r -
©
on in  
ON NO
i n  cn  





S© \0  s® \0  x® \0  \0  \0  \0  \0
o '  o '  o '  o '  o '  o '  o '  o '  o '  o 'O v o t ^ N q c N t ^ O O ^ O C N  
O c n N O N O c n N O c n c N ’— o
©  oo no m  ^
cn©
CN












O '  o '  o '  O (N n  
©  ON CN 
O  00  NO
' 0 N® ' ® ' ®  
o '  o '  o '  o '
m  ©  r-; on
r '  cn n i
tj- ^
\  \  \o '  o '  o '
Tt; NO CN
-̂‘ © ©
(N NO ON (N NO On CN
CN on cn
m  oo O n  







N ?  ' P  N ?  o ' o ' o 'o  r- 
©  00 00 
O  00  NO
SO sO s® 's®
o ' o ' o ' o '
i n  un cn
O  cn no cn
NO
' O s ® ' ®  
o '  o '  o '  
*—« cnI
CN —  O
CN NO (N
©  r-- oo  ©  





m  cn c s  
■— (N cn  






S® \® \® '®
© ' o ' o ' o '





' O s o  s®
o ' o ' o 'h  in n
no t--' cn
s ?  XT 'vo ' o ' o '
oo oo  cn
~  o  ©
^  © 00 ^  
CN m  On 00
^ 2 ^
i n  x  x  
o
NO OO On 







s\  'v  N\  'v© ' o '  o '  ©'
©  T t NO CN
^  ON CN
ON NO NO
\  \  \  © ' o ' o '
cn oo cn  
00 00
SO s® so
o ' o ' o '
cn o  cn
CN —  ©




on  i n  
c-; <n
i n  i n  ©
©
i n







s© S® N® N®
o ' o ' o ' o '
O  CN r-" CN
o
o
CN r -  vo
so S® s®
o ' o ' o '
CN NO ON
on oo  cn
\  \  \  o ' o ' o '
ON ON CN 
^  © ©
NO 00 00 CN
^  on cn




On r cn  






s O  s ®  N O  s o




CN ^  C--
x  >n i -
s o  s o  s ®  
o ' o ' o '
r -  no  o  
>n no cn
V  V  N?o ' o ' o '
cn cn  cn
o  o




wn o  oo  
CN —
CN cn  On 




O N  CN
o  o  
un o
•n  in  no o  
r -  cn  cn  r -
oo <TN ^  00
XJ ON X  cn  M 2
s 1̂
> > . o . oOh <+h
o
X
H- CM > >
X i r e q j  J 9 |[ B U I §  U O i p B J J  S S B ^ \[ -  ^ UipriBQ jaiuiiuB'y-uiso'y
uoijnuiuiuio^ jsjij
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
■ aj )  o









sO \0  \0  \0  sO \0  \0  \0  sO s©
0 s- 0 s o' '  0 s  o '  0 s 0 s 0 s- 0 s 0 s
O N ^ X f p V O e n v q o O e n ^
d  ci ’t  r '  O' n
O  OO i n  X
o  o  o
X X X X © \ o ' ©^ o '
o  o  p  — 
d  d  vd oo 
©  ©  oo r -
\ W  S O  \ D  \ U  \ 0  \ W
qS o'  q\  q\  q\  ©S
©  <N <NI ; l >  l >
i n  O  i d  c n  ^  ©
CN ^
X  X  X  XoN o ' o ' ©x
©  00 O ' p
O  r i  ^  *o
\ 0  sO \ C \ 0
0 s  © N  o '  O '  o ' '  o '
©  x f  c o  »—h
cn  —  ©  ©  ©  ©
X X X X0 s  o ' c '  ox
©  <n —■ VO
©  CN cn  d
O  O' c— vo
s O  \ P  \ 0  s O  \ 0  \ 0
o ' o ' o ' o ' o ' o ''
o  so o  in  e - cn
vd vd cn ^  ©  ©
x  x  x  xo ' o ' © ' ©x © © ^  —
OO X  ^  O' O ' VO X
\ W  v O  \  O  s o  \ 0  \ Q
o '  o '  0s- O'- O' O'
*—h r-^ oo cn t-^ cn
in  vd cn i—< d  d
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Product Particle Size Distribution -  Fractionated Feed Samples
Mass Fraction Smaller than x
x (mm)
Average Product 
Particle Size (mm) 1 2 3
9.50 8.72 100.0% 100.0%
8.00 6.16 99.6% 100.0% 99.5%
4.75 3.99 55.5% 51.1% 50.5%
3.35 2.81 22.1% 19.8% 17.8%
2.36 2.00 7.0% 6.3% 5.9%
1.70 1.42 3.1% 2.5% 2.7%
1.18 1.00 1.1% 0.9% 1.2%
0.85 0.43 0.4% 0.2% 0.5%
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15.41 70.9% 100.0% 82.8%
10.90 89.5% 94.2% 90.7%
8.72 96.0% 83.5% 87.7%
6.16 92.1% 93.4% 92.6%
3.99 94.2% 94.7% 100.0%
2.81 95.1% 94.7% 100.0%
89.7% 93.2% 92.2%
12.50
9.50 100.0% 100.0% 66.7%
8.00 100.0% 43.8% 100.0%
4.75 94.3% 91.1% 93.4%
3.35 96.7% 91.7% 95.5%


















100 .0% 100 .0%
98.1% 92.5%
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15.41 10.0% 23.3% 11.8%
10.90 22.2% 30.1% 16.7%
8.72 9.2% 16.7% 9.1%
6.16 32.0% 38.4% 36.5%
3.99 77.3% 75.0% 72.7%





4.75 40.5% 59.8% 44.0%
3.35 65.4% 69.3% 64.5%
2.36 80.6% 85.1% 77.9%




A B C Average Sample
Deviatioi
15.0% 7.2% 8.3% 31.5% 0.0% 13.3% 16.3%
23.0% 6.7% 10.0% 19.8% 26.1% 18.7% 8.1%
11.7% 4.3% 18.3% 21.9% 17.1% 19.1% 2.5%
35.6% 3.3% 50.1% 55.8% 52.7% 52.9% 2.8%
75.0% 2.3% 79.7% 83.3% 83.3% 82.1% 2.1%
87.7% 3.3% 89.5% 89.2% 81.1% 86.6% 4.8%
34.3% 2.5% 43.5% 44.5% 46.6% 44.9% 1.6%
0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
100.0% 0.0% 0.0% 0.0%
48.1% 10.2% 46.3% 61.1% 56.2% 54.5% 7.6%
66.4% 2.5% 61.8% 65.9% 66.8% 64.9% 2.7%
81.2% 3.7% 68.2% 73.0% 76.5% 72.6% 4.2%



















c  ^  o .5









15.41 39.1% 34.1% 76.6%
10.90 63.8% 48.4% 69.4%
8.72 81.0% 80.7% 60.7%
6.16 81.2% 81.8% 82.4%
3.99 95.7% 89.5% 96.0%




8.00 100.0% 100.0% 100.0%
4.75 91.3% 91.1% 91.0%
3.35 95.1% 93.8% 93.5%
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